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The use of agronomic conservation practices can enhance soil C and N sequestration 
by mitigating greenhouse gas emissions. However, the long-term influences of bio-
covers, crop sequences, and phosphorus (P) fertilization on aggregate-associated soil 
organic C (SOC) and N and C-equivalent emissions are largely unknown in no-tillage 
systems. Study objectives were to determine soil aggregate-associated C and N, C 
footprint and net C gain under long-term crop sequences of corn, soybean, and cotton 
interacted with bio-covers of poultry litter, hairy vetch, winter wheat, and fallow, and 
examine the long-term P application rates effect (0, 29, 59, 88, and 117 kg P ha-1) on 
SOC and N under corn-wheat-soybean systems at Milan and Springfield, Tennessee. 
Poultry litter resulted in 3.48-4.14 Mg ha-1 and 0.44-0.52 Mg ha-1 significantly higher 
SOC and N stocks, respectively, in 0-15 cm bulk soil than hairy vetch, wheat and the 
fallow control, however, such differences were not observed in 15-30 cm. Continuous 
corn and corn-soybean significantly higher SOC content in both small and large 
macroaggregates at 0-5 cm than the other crop sequences. Annual application of 88 kg P 
ha-1 accumulated higher SOC and N stocks than 0, 29, and 59 kg P ha-1 while application 
of P at 117 kg ha-1 decreased SOC on low P soil. Continuous corn, corn-soybean, and 
cotton-corn resulted in significantly higher net C gain than the other crop sequences. 
Carbon footprint decreased significantly by poultry litter and hairy vetch relative to wheat 
and the fallow control. In conclusion, SOC and N stocks are increased on low P soils with 
appropriate P application. Corn in monoculture or rotated with soybean integrated with 
poultry litter as a winter bio-cover outperforms in over the other crop sequence and bio-
vi 
 
cover systems in increasing microaggregates-related SOC and N concentrations, and 
macroaggregate-associated SOC and N contents on soil mass basis, and aggregate 
stability. Integrating continuous corn or corn in rotation with soybean/cotton with poultry 
litter and hairy vetch bio-covers increases per hectare net C gain and reduces per yield C 
footprint simultaneously compared to soybean/cotton monocultures or rotations with 
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GENERAL INTRODUCTION  
 
Soil organic C accumulation contributes to the long-term productivity of agricultural soils 
and it is an important index of soil health (Campbell, 1978; Gregorich and Carter, 1997). Many 
studies have shown that crop management practices such as fertilization, tillage, cropping 
frequency (or summer fallowing), crop rotation, and the inclusion of bio-covers influence SOC 
dynamics (Janzen et al., 1998; Singh et al., 2020; West and Post, 2002; Congreves et al., 2014; 
Van Eerd et al., 2014; Ashworth et al. 2014; Abagandura et al., 2020). Cultivation of soil by 
tillage operations enhances the mineralization of SOC by providing access of crop residues to 
soil microbes (Gregorich et al., 1998) and releasing CO2 into the atmosphere (Reicosky et al., 
1999), which is a major greenhouse gas influencing global warming (Bruce et al., 1999; Yin et 
al., 2019). However, soils can store C upon conversion from conventional plowing to 
conservation tillage or no-tillage, by reducing soil disturbance, decreasing the fallow period, and 
incorporating cover crops in the rotation cycle (West and Post, 2002; Vanden Bygaart and Kay, 
2004; Lal, 2004a; Melero et al., 2009; Tobin et al., 2020). The benefits of no-tillage in SOC 
sequestration may be soil or site specific as the improvement in SOC may be slower in fine-
textured and poorly drained soils (Blanco-Canqui et al., 2013; Wander et al., 1998). Depletion of 
SOC pool also deteriorates soil physical properties resulting in reduction in aggregation, 
structure decline, crusting, compaction, reduction in water infiltration capacity and anaerobiosis 
(water/air imbalance), erosion; chemical properties like nutrient depletion, acidification, salt 
buildup in root zone; and biological properties such as reduction in activity and species diversity 




The C sequestration term implies the removal of atmospheric CO2 by plants and storage 
of fixed C as soil organic matter. The key role of C sequestration is to increase SOC density, 
depth distribution, and stabilization by encapsulating C within stable micro-aggregates in order 
to protect it from microbial processes or as recalcitrant C with long turnover time (Lal, 2004a). 
Leguminous cover crops enhance the quality and nutrient content of crop residue input and SOC 
pool, (Singh et al., 1998; Fullen and Auerswald, 1998) and can also decrease C and N losses 
from soil (Drinkwater et al. 1998). Appropriate management practices on croplands, such as 
conservation tillage systems and nutrient supply may increase the stock of SOC about 0.74 to 1 
Pg C per year worldwide (Lal and Bruce, 1999). However, the challenge is that conservation 
practices may not sequester significant quantities of C into soil (Schlesinger, 1999) because most 
of the soil organic matter is not stable and is mineralized very quickly, especially under sub-
humid climatic conditions in Tennessee where residue decomposition is promoted over C 
accumulation (Jagadamma et al. 2019). Many factors contribute to soil organic C stabilization, 
including soil clay content (Saggar et al., 1994; Arrouays et al., 1995) and rainfall and 
temperature regimes (Wegner et al., 2018). It can be difficult to detect differences in SOC 
between treatments due to the heterogeneous and variable nature of soil texture, topography, 
fertility, drainage, etc. The adoption of restorative land use and recommended management 
practices on agricultural soils can reduce the rate of enrichment of atmospheric CO2 while having 
positive impacts on soil health, food security, agro-industries, and the environment (Lal, 2004a). 
Crop rotations are known to alter soil microbial community diversity and belowground 
soil biochemical processes which influence SOC and N dynamics (McDaniel et al., 2014; 
González-Chávez et al., 2010; Plaza et al., 2013). Enhanced buildup of microbial biomass C and 




al. 2000). The rate of SOC accumulation is directly dependent on net primary productivity and 
factors influencing crop residue returned to the soil (Campbell et al., 2000; Shrestha et al., 2013; 
Congreves et al., 2005). Incorporation of a high residue crop with higher C:N ratio such as corn 
may reduce decomposition and mineralization of SOC compared to soybean or cotton residues 
(Gentry et al., 2013; Ashworth et al., 2014). Although conservation tillage is an often 
recommended approach for maintaining natural soil aggregation to protect SOC from microbial 
decomposition, it has been shown that the benefits of conservation tillage are often limited to 
shallow soil depths (Poeplau et al., 2015). Thus, the main management option to increase SOC 
storage is to increase C inputs from organic manure, incorporation of high quality residue and 
cultivation of winter cover crops (Smith et al., 1997; Mazzoncini et al., 2011). Converting 
monoculture to crop rotational system increases total soil C and N by 3.6% and 5.3%; 
furthermore, addition of bio-cover can increase total C and N by 8.5% and 12.8%, respectively 
(McDaniel et al., 2014). Bio-covers are able to take up excess soil N and reduce N leaching, 
improve soil quality, and enhance crop yield and SOC. Addition of legume cover crop such as 
hairy vetch to a cropping system increases available N via N2-fixation, thus, supplying N to the 
succeeding crop (Ashworth et al., 2016). Bio-covers improve net ecosystem C balance of 
cropland by replacing bare fallow period which act as C source for an additional period of C 
assimilation (Lal, 2001). Continuation of recommended management practices (conservation 
tillage, cover crops, precision farming, crop rotations and forage crops) relatively increase the 
residence time of the sequestered C in the soil pool and decreases the rate of enrichment of 
atmospheric CO2 concentration (Lal, 2004a). However, few studies have been conducted on the 
distribution of C and N in bulk and aggregate soil and their turnovers under long-term integrated 




Phosphorus is a major nutrient and a part of soil organic matter, which enhances crop 
production and soil respiration (Cleveland and Townsend, 2006), plays critical roles in plant 
cellular energy transfer and photosynthesis, and impacts the size and structure of soil microbial 
community (Fanin et al., 2015, Ali et al., 2019). Phosphorus is tightly linked to C in plant and 
soil organic matter and affects the transformation of C present in plant biomass to soil organic 
matter. As a major plant nutrient, P ensures good seedling establishment, increases crop yield, 
and enhances C sequestration by favoring arbuscular mycorrhizal fungi and root density (Zhao et 
al., 2017). Phosphorus has proved to enhance C sequestration in pearl millet (Pennisetum 
glaucum)/ maize-wheat-cowpea (Vigna unguiculate) (Ghosh et al. 2018); rice-wheat and wheat-
maize cropping systems (Zhao et al., 2017). Although studies have shown the effect of crop 
rotations, bio-covers and conservation tillage on soil C, N, and P, there are few studies which 
directly research the long-term effects of P fertilizer application on the soil total C and N shifts 
under no-tillage.  
Carbon footprint estimates the impact of agricultural activities on the environment in the 
amount of greenhouse gases produced, measured in CO2 equivalent (CO2 eq.) by calculating the 
C budget of an agricultural production system (Dubey and Lal, 2009). The overall goal is to 
reduce the greenhouse gas emissions per unit of agricultural product, i.e. C footprint of 
agricultural product. As the agriculture sector contributes about 20% of the global CO2 emissions 
through production and use of farm machinery, herbicides, insecticides, fungicides, and 
fertilizers (Lal, 2004b; West and Marland, 2002), studies on C footprint have significance in 
identifying major farm activities or cropping systems contributing to the C equivalent emissions. 
Additionally, in the context of global climate change, assessing C footprint of a production 




agronomic productivity per unit consumption of C-based inputs, is an important strategy. The 
major objective of this approach is to enhance the ecosystem C pool by increasing C output, 
improving use efficiency of C-based input, and decreasing C losses (Lal., 2004b). Carbon 
footprint has been conducted in the Corn Belt states in the United States including grain corn and 
forage corn (Kim et al., 2009), bioenergy crops including corn and soybean (Alder et al., 2007), 
comparison of no-tillage vs conventional tillage (West and Marland, 2002), corn, soybean and 
wheat production in Ohio compared with wheat, rice, barley, corn, cotton and sugarcane 
production in Punjab, India (Dubey and Lal, 2009). However, it is important to explore C 
emission information on the whole-farm level in the Mid-south region of the United States with 
long-term C sequestration studies under major crop sequence and bio-cover systems in no-
tillage. 
The first objective of this research was to compare C and N in bulk soil and soil 
aggregates under a long-term cropping sequence and bio-cover experiment in no-tillage at Milan, 
Tennessee in a strip-plot design with three replications. The whole plots of cropping sequences 
included continuous cotton (Gossypium hirsutum L.), cotton-corn (Zea mays L.), continuous 
corn, corn-soybean (Glycine max L.), continuous soybean, and soybean-cotton with bio-cover 
treatments of hairy vetch (Vicia villosa), wheat (Triticum aestivum), poultry litter and fallow 
control as the subplots. Soil organic C, N, and C:N ratio were measured at depths 0-15 and 15-30 
cm of bulk soil and at depths: 0-5, 5-10, 10-15, and 15-30 cm in soil aggregate sizes: >2, 0.25–2, 
0.053–0.25, and <0.053 mm under all cropping sequence and bio-cover combinations.  
The second objective was to understand the long-term P fertilization effect on SOC, N, 
and C:N ratio in soil aggregates at different depths on soils with different P fertility levels in no-




Springfield and Milan, TN during 2013–2015 from 0-15 cm soil depth and from 0-5, 5-10, 10-
15, and 15-30 cm in 2018 using a Latin square design with five replications of five P rates (0, 29, 
59, 88, and 117 kg P ha-1) applied annually. Bulk soil and aggregate sizes >2, 0.25–2, 0.053–
0.25, and <0.053 mm were analyzed for SOC and N. Aggregate size distribution and stability 
were also determined for bulk soil under different P application rates.  
The third objective was to determine C-footprints for long-term major cropping systems 
in the Mid-southern region. Carbon-footprint was assessed for the experiment used for Objective 
1 with the identical six cropping sequences and four bio-covers with three replicates. The C-
based inputs including production, packaging, storage and distribution of fertilizers and 
pesticides; machinery used for planting, chemical applications, and harvesting and C-based 
outputs including crop yield and aboveground and belowground biomass were calculated for 
each cropping sequence and bio-cover combination from 2002-2017. Total C equivalence of 
inputs and outputs, C-footprint per kg yield, net C gain, and direct and indirect N2O emissions 
from N in synthetic fertilizer, poultry litter, aboveground and belowground biomass were 
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ORGANIC CARBON AND NITROGEN IN SOIL AGGREGATES AFTER 










Soil carbon (C) and nitrogen (N) sequestration using conservation practices to mitigate 
climate change are necessary; however, crop management influences on aggregate-associated C 
and N levels are not well defined. The objective of this study was to compare C and N associated 
with soil aggregates and bulk soil under different bio-covers and crop sequences in a long-term 
(2002-2018) no-tillage field experiment at Milan, Tennessee. The experiment was laid out as 
strip-plot design with three replications where whole plots consisted of six cropping sequences: 
continuous cotton (Gossypium hirsutum L.), cotton-corn, continuous corn (Zea mays L.), corn-
soybean, continuous soybean (Glycine max L.), and soybean-cotton; the subplots were bio-cover 
treatments including hairy vetch (Vicia villosa), wheat (Triticum aestivum), poultry litter and the 
fallow control. Soil organic carbon (SOC), soil organic N contents (SON), and C:N ratio were 
measured at depths of 0-15 and 15-30 cm of bulk soil and at depths 0-5, 5-10, 10-15, and 15-30 
cm in soil aggregate sizes: >2, 0.25–2, 0.053–0.25, and <0.053 mm. In 0-15 cm bulk soil, poultry 
litter resulted in 4.14, 3.92, 3.48 Mg ha-1 significantly higher SOC and 0.50, 0.52, 0.44 Mg ha-1 
significantly higher N than hairy vetch, wheat, and fallow, respectively, averaged over crop 
sequences; however, no significant difference was observed among the bio-covers in 15-30 cm. 
Continuous corn and corn-soybean resulted in significantly higher SOC content in both small 
and large macroaggregates at 0-5 cm than the other crop sequences. Similarly, poultry litter had 
significantly higher soil N in small and large macroaggregates at 0-5 cm than the other bio-
covers. The SOC content in 0.25-2 mm was higher than those with the other aggregate sizes at 0-
5 cm except it did not vary significantly from >2 mm associated SOC under continuous corn and 
corn-soybean. Soil N at 0-5 cm was significantly higher with 0.25-2 mm than other aggregate 




Aggregate stability did not vary significantly between hairy vetch and poultry litter regardless of 
crop sequence except for cotton-corn where poultry litter had significantly lower stability than 
hairy vetch. In conclusion, inclusion of continuous corn or corn in rotation with soybean 
integrated with poultry litter applied as winter bio-cover can serve as SOC and N sinks in 
macroaggregates to enhance soil C and N sequestration than the other crop sequence and bio-




Increasing global warming demands increased focus on carbon (C) sequestration of 
atmospheric carbon dioxide in agricultural soils. Soil organic carbon (SOC) directly influences 
soil quality because of its crucial impacts on soil physical, chemical, and biological properties 
(Walsh and McDonnell, 2012; Blanco-Canqui et al., 2013a; Lal, 2006). Incorporating 
conservation practices in agricultural systems such as adoption of crop sequences rather than 
monoculture, use of bio-covers especially legumes in crop sequences and reducing tillage can 
enhance soil C and N accumulation (Lal, 2004b; Lal 2006; Shrestha et al., 2013; Campbell et al., 
2000; Chatterjee et al., 2016; Bansal, 2016; Safak et al., 2019).  
Crop sequence diversity is an efficient way to improve agroecosystem health over time 
with increased crop production and reduced fertilizer-N requirement (Sanchez et al., 2001; 
Liebig et al., 2006; Chatterjee et al., 2016). The capability of crop sequences to alter soil 
microbial community diversity and below-ground soil biochemical processes can induce changes 
in SOC and N (McDaniel et al., 2014; González-Chávez et al., 2010; Plaza et al., 2013). Legume 
based cropping systems reduce C and N losses and produce low C:N ratio residues that increase 




microbial biomass C and N content in the 4-yr corn-soybean rotation as compared to continuous 
corn or soybean system. Sanaullah et al. (2011) concluded that enzyme activities responsible for 
plant residue degradation can decrease in mixed plant communities and increase in monoculture, 
which can be affected by residue composition. Coulter et al. (2009) found that SOC levels were 
unaffected by crop rotation—continuous corn or corn–soybean—or N rate, following 8 yrs of 
treatments. However, Huggins et al. (2007) stated that continuous corn had higher SOC than the 
corn-soybean rotation after 14 yrs. Jagadamma et al. (2019a) also reported that continuous corn 
had higher SOC accumulation than continuous soybean and corn-soybean rotation, typically due 
to corn residues with higher C/N ratio resulting in slower residue decomposition. Meta-analysis 
by McDaniel et al. (2014) reported that adding one or more crops in rotation to a monoculture 
increased total soil C by 3.6% and total N by 5.3%; furthermore, when rotations included a cover 
crop, total C increased by 8.5% and total Ν increased by 12.8%. 
Leguminous cover crop such as hairy vetch can enhance quality of residue input, increase 
SOC pool (Ashworth et al., 2014; Lal, 2006), and enhance available N due to N2 fixation 
capabilities, thereby contributing N for succeeding crops (Peoples et al., 2001; Fornara and 
Tilman, 2008; Fultz et al., 2013). Corn yields were higher after hairy vetch than fallow in field 
studies (Ashworth et al., 2016; Decker et al., 1994). Poultry litter bio-cover, using poultry 
manure as bedding material, is a source of N and P and contributes toward labile N and benefits 
microbial growth (Mitchell and Tu, 2006; Sainju et al., 2008; Ashworth et al., 2018). Previous 
research has shown the positive influence of poultry litter and hairy vetch on crop yields as 
compared to wheat bio-cover (Ashworth et al., 2016). Poultry litter and cover crops may 
indirectly affect microbial population by influencing the rate and quantity of subsequent 




(Ashworth et al., 2014, 2017). In addition, poultry litter under long-term no-tillage supplies soil 
C, N, P and K, which positively enhances D. caroliniana spp. of earthworms, which generally 
does not survive well in agriculturally disturbed soils, thus, it can favor C sequestration over 
mineralization (Ashworth et al., 2017). Villamil et al. (2006) reported increased SOC when corn-
soybean rotations included both vetch (Vicia villosa L.) and rye (Secale cereal L.) as winter 
covers compared to winter fallow rotations. Inclusion of cereal cover crops such as winter wheat 
and rye can reduce nitrate leaching by capturing N from the preceding crop, however, cereal 
covers may not return N to soils, resulting in no yield benefit to subsequent row crop or N-
fertilizer application (Watts and Torbert, 2011; Strock et al., 2004; Fornara and Tilman, 2008; 
Chatterjee et al., 2016).  
No-tillage results in maximum recalcitrant C formation due to lack of disruption in soil 
profile (Chivenge et al., 2007; Lal, 2004b; Jagadamma and Lal, 2010), thus, improving soil 
structure, increasing infiltration capacity and lowering bulk density (Shaver et al., 2002). No-
tillage can enhance SOC and N contents at the 0-15 cm soil depth due to decreased soil 
disturbance, reduced mineralization rate of soil organic matter, slower crop residue 
decomposition due to placement of crop residue on soil surface and decreased contact with soil 
microorganisms (Al-Kaisi et al., 2005a; Schomberg and Steiner, 1999). Motta et al. (2007) 
observed higher soil C levels under no-tillage than conventional tillage under cotton and double 
cropped wheat/soybean systems. Singh et al. (2020) reported that no-tillage with soybean-winter 
wheat bio-cover and no-tillage with wheat-soybean double crop significantly increased SOC 
with mean values of 12.2 g kg-1 and 10.9 g kg-1, respectively, compared to moldboard plow with 
mean SOC of 7.2 g kg-1. Al-Kaisi et al. (2005b) stated that no-tillage increased SOC by 14.7% 




Because the aggregate size fractions influence soil organic matter, determination of C and 
N pools in aggregates provides important information on SOC and N sequestration and 
mineralization that could be protected by using appropriate soil and crop management practices 
(Sainju, 2006; Six et al., 1998, Whalen and Change, 2002; Bansal et al., 2019). Fontana et al. 
(2015) observed a direct relationship between SOC and increased soil stability, soil porosity, and 
available water. Due to improved microbial activity and production of binding agents under 
leftover residues in crop rotations, the formation and stability of macro-aggregates is enhanced 
(Maiga et al., 2019; Six et al., 2004; Al-Kaisi et al., 2014; Fultz et al., 2013).  
Under diverse cropping systems, uses of cover crops and no-tillage increase dynamic 
SOC and N pools within a system, however, these changes are contingent upon interacting 
factors of climate (McDaniel et al., 2014), frequency of cropping sequences (Motta et al., 2007), 
rainfed vs irrigated (Shrestha et al., 2013; Halvorson and Schlegel, 2012; Singh et al, 2019) and 
soil properties (Booker et al., 2005; West and Post, 2002; Al-Kaisi et al. 2005a; Singh and 
Jagadamma, 2018). Due to the above interactions, existing literature shows that effect of 
increasing crop diversity on SOC varied from negative (Halvorson and Schlegel, 2012) to neutral 
(Shrestha et al., 2013) to positive (Ashworth et al., 2014; Motta et al., 2007; Al-Kaisi et al., 
2005b).  
Though the relationship between crop yields and crop sequences were studied 
intensively, crop sequence effects with inclusion of bio-covers on dynamics of SOC and N 
associated with bulk soil and aggregates under no-tillage remain unclear. Tennessee has long 
been an advocate of conservation/no-tillage systems where about 75.6% of corn, 85.1% soybean 
and 80.0% cotton are grown in a no-till or conservation tillage system (NASS, 2018). Thus, the 




N pools is important to build sustainable crop management practices. Region specific data are 
required to make management recommendations that will improve crop yields and soil quality. 
The objectives of this study were to: 1) determine long-term cropping sequence and bio-
cover effects and their interactions on SOC, N and C:N ratio under no-tillage, 2) understand the 
soil aggregation response to cropping sequence and bio-cover at different soil depths in no-
tillage, and 3) determine the SOC, N, C:N associated with different aggregate sizes at various 
soil depths. The corresponding hypotheses of this study were: 1) increased crop diversity and 
bio-covers result in higher SOC and N stocks in bulk soil under no-tillage; 2) increased crop 
diversity and bio-covers in no-tillage increase macro-aggregate fraction in topsoil (0-5 cm) 
compared to monocultures; and 3) incorporating bio-covers and crop sequences increases SOC 
and N concentration in small macroaggregates and microaggregates relative to fallow and 
monoculture systems under no-tillage. 
 
 
MATERIALS AND METHODS 
 
Experimental Site and Planting Information 
 
The study was conducted at the University of Tennessee’s Research and Education 
Center at Milan (RECM; Milan, TN; 35.54°N, -88.44°W). Milan is in the Eastern Gulf Coastal 
Plain that covers most of the western Tennessee, western Alabama, a major portion of 
Mississippi, eastern Louisiana, and a small section of western Kentucky. Soils at Milan are 
classified as a Loring silt loam series (Fine-silty, mixed, active, thermic Oxyaquic Fragiudalf). 
The site is humid subtropical with mean annual precipitation of 107 cm and mean annual 




with 10 different cropping sequences of corn, soybean and cotton and five bio-covers of wheat, 
hairy vetch, Austrian winter pea, poultry litter and a fallow (winter weeds) and repeated annually 
under no-tillage production. The study site was planted with corn in 2001 (year 0), soybean in 
2000, and cotton in 1999, with wheat and hairy vetch planted each winter, and the winter prior to 
the study was left fallow. The study was managed under long-term no-tillage since 1986. In the 
present study, only six cropping sequences of continuous cotton, continuous corn, continuous 
soybean, cotton-corn, corn-soybean, and soybean-cotton interacted with four bio-covers of hairy 
vetch, poultry litter, wheat and fallow control were used.  
Eight rows of corn and soybean were planted in 76.2-cm wide rows in plots that were 6.1 
by 12.3 m with a John Deere 1700 Maxemerge planter (Deere & Company, Moline, IL). Six-row 
cotton was planted in 101.6-cm wide rows in plots of 6.1 by 12.3 m with a John Deere 1710 
Maxemerge planter. Corn, soybean, and cotton were planted at the University of Tennessee 
recommended seeding rates of 74,131; 345,947; and 143,320 seeds ha-1, respectively. Corn was 
planted between 12 April and 9 May, soybean between 29 April and 30 May, cotton between 7 
May and 12 May. Below are the annual fertilizer applications. Poultry litter plots received the 
equivalent of 67 kg N ha-1, (approximately 4.4 t ha-1, assuming 50% bioavailability; A&L 
Analytical Laboratories, Inc., Memphis, TN). Similarly, wheat and fallow plots received 66.7 kg 
N ha-1, while hairy vetch plots received 50.4 kg N ha-1 before planting in the form of urea. Corn 
plots received 129 kg N ha-1 and cotton received 33 kg N ha-1 as side-dress applications between 
May and June. All treatments received 112 kg K ha-1 of muriate of potash (KCl) and 68 kg P2O5 
ha-1 of triple superphosphate. Poultry litter was surface-applied with a New Idea 3726 Series 
(New Idea, Coldwater, OH) before crop planting. Cover crops were planted mid-October through 




herbicides prior to planting the summer crop the following year. A more detailed description of 
this site and history of long-term no-till research plots were reported by Ashworth et al., 2014 
and Ashworth et al., 2016. 
 
Sampling and Measurements 
 
For the selected six cropping sequences by four bio-covers, soil samples were collected 
by subplot in October 2018 from depth increments of 0-5, 5-10, 10-15 and 15-30 cm, measured 
with a ruler. Ten soil cores of 2.5-cm diameter size from each depth were randomly collected 
from each subplot and composited into one sample. Soil samples were air-dried and ground to 
pass a 2-mm sieve, and 0.250-g soil was measured and placed in a tin-foil cup for SOC and N 
determination with a LECO TruSpec Analyzer (LECO Corporation, St. Joseph, MI) using the 
dry combustion method. Bulk density (Db, Mg m-3) was measured on a per subplot and depth 
basis with the core method (Grossman and Reinsch, 2002). Since Db did not differ significantly 
across subplots (P > 0.05), mean Db values were utilized per depth for calculating SOC and N 
stocks. 
SOC stock (Mg ha-1) = SOC concentration (g kg-1) × Db (Mg m-3) × Soil depth (m) ×10 
Dry aggregates were separated using air-dried soil from each subplot and depth to 
separate into four soil aggregate size classes: large-macroaggregates (>2 mm), small-
macroaggregates (0.25–2 mm), microaggregates (0.053–0.25 mm), and silt-clay sized fraction 
(<0.053 mm). Sieves of size 2 mm, 0.25 mm and 0.053 mm were arranged on a sieve shaker 
(CSC Scientific Company Inc., Fairfax, VA). A 100-g air-dried soil sample was placed on the 
top of a 2-mm sieve and mechanically shaken for 5 mins ± 5 sec. Aggregate weight was 




Each aggregate size fraction was ground using a mortar and pestle. A 0.250-g ground soil sample 
was used for analyzing aggregate-associated SOC and N with a LECO TruSpec Analyzer using 
the dry combustion method. 
Wet soil aggregate stability was measured using a wet sieving apparatus (Eijkelkamp 
Agrisearch Equipment, Giesbeek, Netherlands) according to the methodology of Kemper & 
Rosenau (1986). Four g of air-dried aggregates of size 1-2 mm were placed on a 0.25-mm sieve 
and allowed for capillary wetting from the bottom. A stainless steel container below each sieve 
was filled with sufficient distilled water to cover the soil in the sieve at the lowered position of 
the sieves. The sieves were raised and lowered for 35 times per minute for 3 minutes ± 5s. Both 
unstable and stable fractions were collected, oven-dried to constant weight at 105℃ and 
weighed. Sand correction of the stable aggregate fraction was done by placing the fraction on a 
0.26-mm sieve, washing with deionized water; the sand fraction retained on top of the sieve was 
collected, oven dried, and weighed. Wet aggregate stability was calculated as follows: 
Wet aggregate stability % = 
Remained on sieve - sand
Total sample - sand




The field experiment was conducted in a split-block randomized complete block design. 
Whole plot treatments consisted of the six cropping sequences, with split-block treatments 
comprised of the four bio-covers with three replications. SAS model included cropping 
sequence, bio-cover, depth, and replications for analyzing bulk soil SOC, N contents and C:N 
ratio. SAS model consisted of crop sequence, bio-cover, depth, aggregate-size, and replications 




and aggregate stability. Data were analyzed for normality using the Shapiro-Wilk test. The SAS 
9.4 version (SAS Institute, Cary, North Carolina, USA) was used with the GLIMMIX ANOVA 
procedure. Mean separation was performed with SAS PDMIX using the Tukey’s HSD test with a 
significance level of 0.05.  
RESULTS AND DISCUSSION 
 
Soil Organic C, N and C:N Ratio 
 
Summary of statistical significance for the effect of sequence, bio-cover and soil depth on 
bulk soil organic C, N and C:N ratio is presented in Table 1.1. Soil organic C and N were 
significantly influenced by bio-cover by soil depth interaction; C:N ratio varied significantly 
between soil depths (Table 1.1).  
 







 P > F 
Sequence 0.0695 0.0799 0.6914 
Bio-cover 0.0387 0.0229 0.8051 
Depth <0.0001 <0.0001 
0.7829 
<0.0001 
Sequence × bio-cover 0.4805 0.2438 
Sequence × depth 0.0520 0.6846 0.0639 
Bio-cover × depth 0.0006 0.0018 0.2090 
Sequence × bio-cover × depth 0.7279 0.3119 0.8369 





Poultry litter resulted in 4.14, 3.92, and 3.48 Mg ha-1 significantly higher SOC in 0-15 cm 
than hairy vetch, wheat, and fallow control, respectively, averaged over crop sequences, 
however, in 15-30 cm there were no significant difference in SOC among bio-covers (Table. 
1.2). Similarly, soil N was significantly higher for poultry litter and relatively decreased 
significantly by 0.50, 0.52, and 0.44 Mg ha-1 in 0-15 cm with hairy vetch, wheat, and fallow 
control, respectively. Soil N in 15-30 cm did not vary significantly under any bio-cover but 
decreased by 40-50% compared with 0-15 cm depth. The C:N ratio was significantly higher at 0-
15 cm (6.88) and decreased by 25% at 15-30 cm (5.14) soil depth. The higher C:N ratio at 0-15 
cm than the deeper layer implies relatively more organic C is present in the surface soil layer due 
to fresh crop residue addition to the soil surface without any incorporation in the soil profile 
under no-tillage. 
 
Table 1.2: SOC and N stock as affected by bio-covers at 0-15 cm and 15-30 cm soil depths 







0-15 Fallow 24.94 b † 3.64 b 
 Hairy vetch 24.28 b 3.57 b 
 Poultry litter 28.42 a 4.08 a 
 Wheat 24.49 b 3.55 b 
15-30 Fallow 10.23 c 1.99 c 
 Hairy vetch 11.85 c 2.16 c 
 Poultry litter 10.28 c 2.04 c 
 Wheat 10.78 c 2.11 c 
 † Mean values followed by different letters within each column  








Previous studies suggest that SOC and N were significantly higher under poultry litter 
than fallow control in rice-wheat-legume rotation (Hossain, 2009) and even greater than N 
fertilization (NH4NO3 at 100 kg N ha-1) at 0-20 cm depth (Sainju et al., 2008; Mitchell and Tu, 
2006). Ashworth et al. (2014) reported that poultry litter gained 1.9–2.6 Mg ha-1 more SOC than 
hairy vetch, wheat, and fallow bio-covers at 0- to 5-cm depth. The accumulation of SOC and N 
near the soil surface is consistent with previous research examining conservation tillage systems 
(Al-Kaisi et al., 2005a; Li et al., 2013; Franzluebbers, 2002; Sainju et al., 2007; Balkcom et al., 
2013), which is possibly due to decrease or lack of soil mixing in the soil profile under 
conservation tillage systems. In addition, no-tillage may cause reduction in organic matter 
mineralization due to resultant wetter and cooler soil conditions, decreased soil aeration, and less 
exposure of SOC fractions within soil aggregates (Doran, 1980; Eghball et al., 1994; Al-Kaisi et 
al., 2005a). There is also a possibility of labile C and N in sub-soil being readily consumed by 
microbes in the rhizosphere (Ashworth et al., 2014). No effect of crop sequence on bulk soil 
organic C and N was observed in our study (Table 1.1). Similarly, previous studies have shown 
no significant effect of crop rotations on SOC stock between wheat-soybean and soybean-corn at 
0-24 cm (Motta et al., 2008) and between 2-yr corn-soybean and 4-yr corn-soybean-winter 
wheat-oat (Avena sativa) at 5-15 cm (Maiga et al., 2019). No significant crop rotation effect was 
also observed in other studies (Varvel et al., 1994; Schwartz et al., 2015).  
Overall results suggest that inclusion of poultry litter as bio-cover can significantly 
increase soil C and N compared to hairy vetch and wheat in 0-15 cm soil depth. Insignificant 
difference in SOC and N among crop sequences indicates that incorporating bio-covers in crop 
sequences is a better strategy to increase SOC and N build-up than diversifying crop sequences 




with bio-covers overshadow the effect of crop sequence after 19 years of implementation. 
Contrary to our results, significant differences in SOC were observed among crop rotations 
especially in <15 cm soil depth (Jagadamma et al., 2019a, b; Chatterjee et al., 2016; Ashworth et 
al., 2014; McDaniel et al. 2014). For greater C sequestration, sub-soil requires more long-term 
cropping sequences and bio-cover interaction and residue addition under no-till management.  
 
Aggregate-associated weight, SOC, N, and C:N Ratio 
 
The summary of statistical significance of crop sequence, bio-cover, soil depth and 
aggregate size are presented in Table 1.3. Aggregate weight was significantly influenced by the 
three-way interactions of sequence by bio-cover by aggregate size and sequence by depth by 
aggregate size. Soil organic C was significantly influenced by the three-way interaction of 
sequence by depth by aggregate size. Soil N was significantly affected by the three-way 
interaction of bio-cover by depth by aggregate size. The C:N ratio in aggregates was 





Table 1.3: Summary of statistical significance (P-values) of the fixed effects for aggregate associated SOC and N content, C:N, 
aggregate weight and aggregate stability 
 
Effect SOC N C:N ratio Aggregate weight Aggregate stability 
 (g kg
-1 soil) (g kg-1 soil)  (g 100 g-1 dry soil) (%) 
Sequence 0.9765 0.1280 0.5242 0.9505 <0.0001 
Bio-cover 0.0141 <0.0001 0.2689 0.7918 <0.0001 
Depth <0.0001 <0.0001 <0.0001 0.9873 <0.0001 
Aggregate size <0.0001 <0.0001 <0.0001 <.0001 N.A. 
Sequence × bio-cover 0.2594 0.9927 0.9925 0.9751 0.0014 
Sequence × depth 0.0386 0.0007 0.9936 0.9987 <0.0001 
Bio-cover × depth 0.0090 <0.0001 0.1011 0.9881 0.4565 
Sequence × bio-cover × depth 0.8806 0.9977 1.0000 1.0000 0.5032 
Sequence × aggregate size <0.0001 <0.0001 0.9820 <0.0001 N.A. 
Bio-cover × aggregate size 0.2545 0.0575 0.0241 0.0025 N.A. 
Sequence × bio-cover × aggregate size 0.1591 0.0801 0.9916 0.0001 N.A. 
Depth × aggregate size <0.0001 <0.0001 <0.0001 <0.0001 N.A. 
Sequence × depth × aggregate size 0.0062 <0.0001 0.9981 <0.0001 N.A. 
Bio-cover × depth × aggregate size 0.7612 0.0426 <0.0001 0.9087 N.A. 
Sequence × bio-cover × depth × aggregate size 0.8166 0.3256 1.000 0.0684 N.A. 








Aggregate Size Distribution 
 
Aggregate weight followed the decreasing order as: 0.25–2, >2, 0.053–0.25 = <0.053 mm 
for all other cropping sequences and bio-covers except 0.25–2 and >2 mm weight did not differ 
significantly between wheat and fallow in cotton-corn (Fig. 1.1). Crop sequences including corn 
i.e. continuous corn, corn-soybean and cotton-corn showed significantly higher >2 and 0.25–2 
mm weight than the other crop sequences, possibly due to enhancement of microbial activity and 
production of binding agents by corn residues under no-tillage (Golchin et al., 1994; Wright et 
al., 2004). The decomposition rate of crop residues is typically higher under warm and humid 
conditions as our study site, thus incorporation of corn with slowly decomposing crop residue 
and high C:N ratio in a crop sequence can promote stable aggregate formation of 0.25–2 and >2 
mm, as compared to continuous cotton or continuous soybean. Increase in the fraction of 
macroaggregates was observed in previous studies under manure application compared to the 
control in furrow irrigated corn (Mikha et al., 2015) and with soybean-wheat double crop and no-
till with soybean-winter wheat cover crop under no-tillage than similar crop rotations under 
conventional tillage systems (Singh et al., 2020). Higher macro aggregation under no-tillage than 
the conventional tillage has been reported in other studies as well (Blanco-Canqui et al., 2013b, 















 Figure 1.1: Aggregate weight as affected by cropping sequences and bio-covers in different aggregate sizes averaged 
across soil depths. Bars with similar lowercase letters within each crop sequence and bio-cover combination are not 






Aggregate weight of >2 and 0.25–2 mm did not vary significantly under continuous corn 
at 0-5 and 5-10 cm; continuous soybean at 10-15 cm; and cotton-corn at 5-10 cm; otherwise, >2 
mm had significantly lower aggregate weight than 0.25-2 mm in all other cropping sequence and 
depth combinations (Fig. 1.2). Aggregate weight did not vary significantly between >2 and 
<0.053 mm at depth 15-30 cm only under continuous soybean, whereas in all other cropping 
sequences, aggregate weight was significantly higher with >2 mm than <0.053 mm regardless of 
soil depth. Under all cropping sequences, aggregate weight related to <0.053 mm was 
significantly higher than 0.053–0.25 mm in 15-30 cm soil depth only. The results of this study 
showing higher fraction of macroaggregates than the other aggregate sizes indicated that 
aggregate-size distribution at different depths were influenced by long-term crop sequence with 
no-tillage. Because crop residues decompose at a slower rate under no-tillage than the 
conventional tillage, leading to gradual build-up and an increase in SOC and microbial activity 
(Al-Kaisi et al., 2014). Prior studies reported greater weight of soil macroaggregates (>2 mm) 
down to 20- or 30-cm depth under no-tillage than conventional till methods (Mikha et al., 2013; 
Jagadamma and Lal, 2010). Additionally, management practices such as no-tillage, crop 
sequence diversity, and use of bio-covers can enhance macro-aggregate weight and also increase 
microaggregate stability and SOC, though many other factors such as environmental conditions, 
soil properties, soil moisture, temperature, rainfall play a significant role on aggregate-related 
SOC retention (Franzluebbers, 2002; Jagadamma and Lal, 2010; Al-Kaisi et al., 2014; Six et al., 
2004; Olchin et al., 2008; Cambardella and Elliot, 1992; Sainju, 2006). Previous studies have 
observed a positive correlation (r = 0.70) between SOC and soil moisture contents which can 




storage capacity, reducing soil temperature, and enhancing soil C accumulation (Al-Kaisi et al, 






Figure 1.2: Aggregate weight as affected by cropping sequences in different soil depths and aggregate sizes averaged 
across bio-covers. Bars with similar lowercase letters within each crop sequence and soil depth combination are not 








Aggregate-associated SOC was significantly higher in 0.25–2 mm followed by >2, 
0.053–0.25, <0.053 mm at 0-5 cm under all cropping sequences (Fig. 1.3). However, SOC did 
not differ significantly between 0.053-0.25 and <0.053 mm in depths 5-10, 10-15, 15-30 cm 
regardless of cropping sequence. Only under continuous soybean and corn-soybean at 10-15 cm 
and cotton-corn at 5-10 cm SOC did not vary significantly between >2 mm and 0.25-2 mm 
aggregates.  
The SOC content in 0.025-2 mm was higher than those with the other aggregate sizes at 
0-5 cm except it was not significantly different from >2 mm associated SOC under continuous 
corn and corn-soybean. Hence, cropping sequences including corn i.e. continuous corn and corn-
soybean resulted in significantly higher SOC levels in both large and small macroaggregates than 
all other crop sequences. The results further indicate that sequences with corn, demonstrating 
greater biomass production and higher C:N ratio (103:1), favor slower residue decomposition 
and can achieve higher SOC levels. Conversely, soybean and cotton sequences have low residue 
crops with low C:N ratio of 23:1 and 29:1, respectively, resulting in faster residue decomposition 
and lower SOC accumulation (Jagadamma et al., 2019; Causarano et al., 2006). Continuous 
soybean and continuous cotton can favor SOC accumulation by rotating with corn. Balkcom et 
al. (2013) observed that inclusion of corn in corn-cotton rotation contributed an additional 1340 
kg C ha-1 yr-1 in aboveground corn stover. Moreover, the inclusion of soybean and cotton in the 
rotation intensifies C mineralization because of introduction of crop residues with a low C:N 
ratios, especially after corn. Huggins et al. (2007) reported that continuous corn and corn-




C ha-1 yr-1, respectively, and continuous soybean system had a relatively lower recovery rate of 
0.02 – 1.29 Mg C ha-1 yr-1 in 0-45 cm depth. Jagadamma et al. (2019) found that corn and cotton 
systems favored SOC accumulation than soybean systems down to 22.5 cm. Chatterjee et al. 
(2016) study also observed higher SOC, N, and C:N ratios under continuous corn and spring 
wheat-corn-soybean rotation than the spring wheat-soybean, springwheat-winter wheat-corn-
soybean, spring wheat-winter wheat-flax-corn-corn-soybean. 
According to aggregate hierarchy model, microaggregates are bound via organic binding 
agents to form macroaggregates especially in Alfisols resulting in SOC-enriched macro-
aggregates (Six et al., 2000; Oades and Waters, 1991). However, warm, and humid conditions of 
study site can enhance residue decomposition and mineralize macro-aggregate related SOC 
which is labile and more easily dissolved than the SOC in microaggregates (Al-Kaisi et al., 2014; 
Jagadamma et al., 2019). Increased SOC in macroaggregates is indicative of the benefits 
associated with decreased soil disturbance due to no-till production, increased vegetative inputs 
in crop rotations, which enhances macroaggregation and physically protects SOC within the 
aggregates (Jagadamma and Lal, 2010; Six et al., 2000; Kong et al., 2005). The concentration of 
SOC was significantly higher in 0.053–0.25 mm followed by 0.25–2, >2, <0.053 mm at 0-5 cm 
under all crop sequences in this study. Singh et al. (2020) reported that wheat-soybean double 
cropping and soybean-wheat cover crop under no-till showed greater SOC concentrations in 






Figure 1.3: Aggregate-associated SOC content as affected by cropping sequences in different soil depths and aggregate sizes 
averaged across the bio-covers. Bars with similar lowercase letters within each crop sequence and soil depth combination 







Aggregate associated N content was significantly higher in 0.25-2 mm followed by >2 
under all crop sequences at 0-5 cm depth, however, it did not vary between 0.053-0.25 and 
<0.053 mm aggregates. Soil N was significantly higher in 0.25–2 mm than >2 mm for 
continuous cotton at 10-15 cm, continuous soybean at 15-30 cm and cotton-corn at 5-10 cm, 
however, these two fractions did not vary significantly under all other crop sequence and depth 
combinations (Fig. 1.4). Soil N was significantly higher with <0.053 mm than 0.053-0.25 mm 
only under continuous corn, cotton-corn, and soybean-cotton at 15-30 cm.  
Significantly higher soil N content was observed with aggregates 0.25–2 mm than all 
other aggregate sizes at 0-5 cm for all bio-covers, except for poultry litter where it did not vary 
significantly than >2 mm. Soil N associated with <0.053 mm was significantly higher than the 
0.053-0.25 mm at 15-30 cm for all bio-covers, however, this trend was observed at 10-15 cm 
only under wheat. Overall, soil N was significantly higher in 0.25–2 mm at 0-5 cm under poultry 
litter than all other bio-cover, depth, and aggregate size combinations. Poultry litter resulted in 
higher soil aggregate N due to the supply of labile N and improved soil biodiversity (Ashworth et 
al., 2018). The lowest N level in <0.053 mm size at 0-5 cm in our study coincides with those 
observed under sorghum-wheat-soybean, wheat-soybean, and continuous soybean rotations 

















 Figure 1.4: Aggregate-associated soil N content as affected by cropping sequences in different soil depths and aggregate 
sizes averaged across the bio-covers. Bars with similar lowercase letters within each crop sequence and soil depth 
combination are not significantly different at P ≤ 0.05 according to the Tukey’s HSD test. Error bars represent the 




Aggregate-associated C:N Ratio 
 
The C:N ratio was significantly higher in 0.053–0.25 mm than 0.25–2 mm at 0-5 cm 
under all bio-covers. It suggests positive relationship between SOC decomposition and N 
enrichment in soil organic matter (Jagadamma and Lal, 2010; Sainju et al., 2008). Only under 
poultry litter, C:N ratio was significantly higher in 0.053–0.25 mm than <0.053 mm at 0-5 cm 
(Table 1.4). Aggregate >2 mm had significantly lower C:N ratio than all other aggregate sizes at 
5-10 cm under fallow, poultry litter and wheat. The C:N ratio was lower in <0.053 mm than 
0.25–2 and 0.053–0.25 mm within 10-15 cm and lower in >2 mm than 0.25–2 and 0.053–0.25 
mm in 15-30 cm under all bio-covers. Similar results were reported in Chu et al. (2016) where 
lower C:N ratio was observed in >2 mm than 0.025–2 and 0.053–0.25-mm at 0-40 cm. The 
observed lower C:N ratios in >2 mm at 15-30 cm under all bio-covers favor the decomposition of 
organic materials and thus decrease stability of organic matter in macroaggregates (Wei et al., 
2013; Heal et al., 1997). Additionally, the rate of gain in SOC may have been slower than that in 
total soil organic N with time, resulting in the decline in soil C:N ratio (Halvorson and Schlegel, 
2012). Only under poultry litter at 0-5 cm, the lower C:N ratio was observed in <0.053 mm than 
0.053-0.25 mm, possibly due to the addition of N from poultry litter which might have resulted 









Table 1.4: Aggregate-associated soil N content and C:N ratio as affected by bio-covers at different soil 
depths and under different aggregate sizes averaged across the cropping sequences. 
 
 †Mean values followed by different letters within each bio-cover and soil depth combination are significantly  




Bio-covers Soil N content (g kg-1 soil) C:N ratio 
  Aggregate size (mm) Aggregate size (mm) 
  >2 0.25-2 0.053-0.25 <0.053 >2 0.25-2 0.053-0.25 <0.053 
0-5 Fallow 3.59b† 6.63a 1.03c 0.63d 7.98ab 7.14b 9.04a 8.33ab 
5-10  3.12a 3.00a 0.47b 0.43b 5.09b 6.63a 7.44a 7.33a 
10-15  2.23a 2.56a 0.48b 0.63b 4.71bc 5.50ab 7.52a 4.15c 
15-30  1.90a 2.16a 0.45c 1.00b 3.45c 5.24ab 6.04a 4.09bc 
0-5 Hairy vetch 3.58b 6.60a 1.13c 0.75c 8.03ab 7.05b 9.36a 8.47ab 
5-10  2.74a 2.86a 0.49b 0.55b 5.00c 6.67ab 7.45a 5.97bc 
10-15  2.22a 2.50a 0.43b 0.69b 4.70bc 5.80b 12.54a 3.70c 
15-30  2.15a 2.05a 0.40c 0.92b 3.60c 6.04ab 6.81a 4.79bc 
0-5 Poultry litter 4.62a 8.06a 1.29b 1.00b 7.84ab 7.25b 8.83a 7.06b 
5-10  3.38a 3.29a 0.91b 0.47b 5.01b 6.75a 6.14a 7.01a 
10-15  2.40a 2.51a 0.24b 0.82b 4.70bc 5.68b 13.72a 3.34c 
15-30  1.95a 1.97a 0.44c 0.84b 3.46c 5.35ab 5.82a 4.38bc 
0-5 Wheat 3.82b 6.57a 1.00c 0.61d 7.93ab 7.22b 9.40a 8.53ab 
5-10  2.82a 2.94a 0.50b 0.49b 4.84b 6.61a 7.43a 7.10a 
10-15  2.21a 2.38a 0.32d 0.76c 4.68bc 5.80ab 10.57a 3.43c 







Aggregate stability was significantly affected by the crop sequence by bio-cover and crop 
sequence by depth interactions (Table 1.3). Aggregate stability did not vary significantly 
between hairy vetch and poultry litter regardless of cropping sequence except for cotton-corn 
where poultry litter resulted in significantly lower aggregate stability than hairy vetch (Fig. 1.5). 
Hairy vetch had significantly higher aggregate stability than wheat and fallow under all cropping 
sequences. Nouri et al. (2019) reported similar although insignificant differences where wet 
aggregate stability was higher in hairy vetch followed by wheat bio-cover and fallow. Fallow 
treatment resulted in lower aggregate stability than hairy vetch and poultry litter regardless of 
cropping sequence. Long-term greater crop residue inputs to soil and decreased soil disturbance 
aided in the formation of larger water stable aggregates and greater aggregate stability in 
cropping systems with bio-covers than those under fallow in the winter (Allen et al., 2012). 
Blanco-Canqui et al. (2013b) reported that bio-covers can improve soil aggregation, increase 
SOC content and reduce soil erosion compared to fallow under no-tillage. Animal manure 
amended soils had previously shown increased wet aggregate stability due to hydrophobic 
organic compounds such as lipids originating from manure (Whalen and Chang, 2002; Aoyama 
et al., 1999). Cropping sequences involving hairy vetch and poultry litter can enhance aggregate 
stability, and thus reduce susceptibility of soil to erosion, particularly in warm and humid 
regions, which are prone to residue decomposition and loss of SOC. The observed increase in 
SOC in microaggregates is also an indicator of improved soil aggregate stability and SOC 










Aggregate stability did not vary significantly among 0-15 cm depths under continuous 
corn, continuous soybean, corn-soybean, soybean-cotton (Fig. 1.6). This can be attributed to the 
higher root density near soil surface along with slower residue decomposition related to minimal 
soil disturbance in no-tillage (Jagadamma et al., 2019; Nouri et al., 2019). Under continuous 
cotton, however, aggregate stability decreased significantly with each increment in soil depth. 
Under continuous soybean, aggregate stability was significantly lower at 15-30 cm than the 0-5 
and 5-10 cm depths. Aggregate stability was significantly lower at 15-30 cm than all other depths 
under continuous corn, continuous cotton, corn-soybean, cotton-corn, and soybean-cotton. It 
implies that SOC is more vulnerable to loss due to lower aggregate stability in 15-30 cm than the 
<15 cm depths. These results coincide with those of Nouri et al. (2019). 
 
 Figure 1.5: Aggregate stability as affected by cropping sequences and bio-covers 
averaged across soil depths. Bars with similar lowercase letters within a cropping 
sequence are not significantly different at P ≤ 0.05 according to the Tukey’s HSD test. 















This study focused on determining the effects of cropping sequences and bio-covers and 
their interactions on bulk soil and aggregate-associated SOC, N contents, C:N ratio and 
aggregate size distribution and stability in a long-term cropping sequence by bio-cover under no-
tillage experiment. The results from this study showed that SOC and N stocks in 0-15 cm of bulk 
soil were significantly higher under poultry litter than hairy vetch, wheat, and fallow, however, 
these trends were not observed in the 15-30 cm depth. Poultry litter can possibly contribute 
greater N and P nutrition, stimulating C transformation under altered microbial community 
structure and from associated microbial biomass C (Ashworth et al., 2014; Ashworth et al., 2017; 
DeForest and Scott, 2010). Continuous corn and corn-soybean resulted in significantly higher 
SOC content in both small and large macroaggregates at 0-5 cm than the other crop sequences. 
  Figure 1.6: Aggregate stability as affected by cropping sequences at different soil depths 
averaged across bio-covers. Bars with similar lowercase letters within a cropping 
sequence are not significantly different at P ≤ 0.05 according to the Tukey’s HSD test. 




Similarly, poultry litter had significantly higher soil N in small and large macroaggregates at 0-5 
cm than the other bio-covers. Corn monoculture or in rotation with soybean or cotton 
significantly increased large and small macroaggregate weight in 0-5 cm relative to the other 
crop sequences possibly due to addition of slowly decomposing residue, producing binding 
agents and enhancing microbial activity under no-tillage. This result further indicates that crop 
sequences involving crop with high biomass production and high C:N ratio in the residues such 
as corn can increase soil C sequestration. Additionally, SOC contents associated with large and 
small macroaggregates were statistically similar only under continuous soybean at 10-15 cm, and 
cotton-corn at 5-10 cm, corresponding with the higher aggregate weights under these crop 
sequences and depths.  
The increased SOC and N concentrations in microaggregates than the other aggregate 
sizes suggest that minimum soil disturbance under no-tillage is favorable for the storage of C in 
more protected and stable C pools in microaggregates. Lower aggregate stability in the fallow 
control than hairy vetch and poultry litter could result in potentially higher losses of soil C and N 
to the atmosphere and thus shorter C residence time in the soil. Aggregate stability was 
significantly higher in 0-5, 5-10 and 10-15 cm than 15-30 cm under continuous corn, continuous 
cotton, corn-soybean, cotton-corn, and soybean-cotton sequences except in continuous soybean 
where stability at 10-15 cm and 15-30 cm did not vary significantly. Hence, SOC is more 
vulnerable to loss due to lower aggregate stability in 15-30 cm than the <15 cm depths. 
In conclusion, annual application of poultry litter at 67 kg ha-1 equivalent N (~4.4 t ha-1) 
significantly increases soil C and N stock in 0-15 cm of bulk soil compared with hairy vetch, 
wheat, and fallow. Inclusion of continuous corn or corn in rotation with soybean in a crop 




slower residue decomposition in 0-5 cm relative to continuous soybean, continuous cotton, and 
soybean-cotton, and cotton-corn their rotations. Soil N content was significantly higher in small 
macroaggregates and large macroaggregates at 0-5 cm only under poultry litter, whereas under 
hairy vetch, wheat, and fallow, large macroaggregates resulted in significantly lower soil N 
content than small macroaggregates. Hairy vetch and poultry litter results in significantly higher 
aggregate stability than fallow, thus higher physical protection of organic C and N, and reduction 
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LONG-TERM INFLUENCE OF PHOSPHORUS FERTILIZATION ON 
ORGANIC CARBON AND NITROGEN IN SOIL AGGREGATES UNDER 








The role of P availability on soil C sequestration is poorly understood in no-tillage 
production. The objective of this study was to examine the long-term phosphorus (P) fertilization 
effect on soil organic C (SOC), N, and C:N ratio in soil aggregates at different depths in no-till 
corn (Zea mays L.)-wheat (Triticum aestivum L.)-soybean (Glycine max L.) rotations. The 
experiment was conducted on low to medium P soils at Springfield and Milan, TN during 2013–
2015 from 0–15 cm and from 0-5, 5-10, 10-15, and 15-30 cm in 2018 using Latin square design 
with five replications of five P rates (0, 29, 59, 88, and 117 kg P ha-1) applied annually. Bulk soil 
and aggregate sizes >2, 0.25–2, 0.053–0.25, and <0.053 mm were analyzed for SOC and N. 
Phosphorus rate of 88 kg ha-1 resulted in high soil testing P and had higher SOC and N than all 
other treatments on low P soil. However, application of P at 117 kg ha-1 decreased SOC on low P 
soil. No response of SOC or N to P fertilization was observed on medium P soil. Application of 
29 kg P ha-1 increased large macroaggregate (>2 mm) weight, however, it did not vary 
significantly than 59, 88 and 117 kg P ha-1. Concentrations of SOC and N were higher in 
microaggregates (0.053–0.25 mm) than the other aggregates. In conclusion, appropriate P 
application can significantly increase SOC and N stocks, and macroaggregate weight on low P 





There is a need to develop cropping systems that are productive and sustainable for 
feeding increasing population without deteriorating soil and environmental quality. The fixation 
of atmospheric C by plants and subsequent sequestration of C in soil has gained tremendous 




only C but also N, P, and S elements (Lal, 2004), the transformation of C present in plant 
biomass to soil organic matter requires the availability of several nutrients (Ibrahim et al., 2017). 
The C:N:P:S ratio of humus suggested by Lal (2004) and Himes (1998) is 10,000:833:200:143, 
which indicates that N, P, and S contents in soil are tightly linked to C present in soil organic 
matter. Lal (2006) estimated that increasing soil organic carbon (SOC) by 1 Mg ha-1 enhanced 
wheat (Triticum aestivum L.) yields 20 to 70 kg ha-1, corn (Zea mays L.) yields 30 to 300 kg ha-1 
and soybean (Glycine max L.) yields 20 to 30 kg ha-1. 
 Phosphorus is a major nutrient that enhances crop production and plays critical roles in 
plant cellular energy transfer and photosynthesis. Phosphorus also impacts size and structure of 
soil microbial community (Fanin et al., 2015, Ali et al., 2019), enhances soil respiration 
(Cleveland and Townsend, 2006), and ultimately increases C turnover in soil (Schimel and 
Schaeffer, 2012). Starter P technology, applying a small amount of inorganic P fertilizer near 
seeds, is widely used to ensure good seedling establishment and crop yield (Cahill et al., 2008; 
Zhang et al., 2014). Phosphorus fertilization increases plant biomass production and soil C 
sequestration by favoring arbuscular mycorrhizal fungi (AMF) and root weight (Zhao et al., 
2017). Arbuscular mycorrhizal fungi acquire C from the host plant and release it into soil 
(Soudzilovskaia et al., 2015). Moreover, AMF promotes the formation of soil aggregates, which 
protect soil C against decomposition by soil microbes (Wilson et al., 2009). Arbuscular 
mycorrhizal fungi also immobilize C in living mycorrhizal tissues and produce glomalin, a 
specific recalcitrant glycoprotein (Wang et al., 2018). Roots are a source of C in the soil, which 
accounts for 15–29% of the total photosynthate, and at least 5% of photosynthate left directly in 
the soil (Qian et al., 1997; Nguyen, 2003). Thus, roots and associated AMF play crucial roles in 




2011, Zhao et al., 2017). However, some studies reported inhibition of AMF and reduce in root 
exudation at too low and too high soil P fertility (Azcon et al., 2003; Liu et al., 2000). 
Phosphorus in combination with N fertilization and farmyard manure resulted in 0.22 Mg 
ha-1 yr-1 higher soil C sequestration than the control in 0–90 cm depth in a pearl millet 
(Pennisetum glaucum)/maize-wheat-cowpea (Vigna unguiculate) rotation (Ghosh et al., 2018). 
Meta-analysis by Zhao et al. (2017) indicated that SOC content in a rice-wheat system increased 
by 7% (10 studies) and in wheat-maize by 8% (37 studies) with P fertilization and greatest 
increase in soil C storage occurred at 44 – 65 kg P ha-1. Phosphorus application significantly 
increased root density of wheat in a wheat-rice cropping system (Ibrikci et al., 2009). However, a 
decrease in SOC under P fertilization was also observed in tundra, alpine, and meadow systems 
(Cleveland and Townsend, 2006; Mack et al., 2004). Since P has low mobility in the soil (Nye 
and Tinker, 1977) and is strongly adsorbed onto soil particle surfaces, it can result in longer 
residence times (Rowell, 1994) and have long-term influence on system functions. Li et al. 
(2014) reported that P fertilization rate of 15 g m-2 yr-1 enhanced soil microbial biomass but 
reduced their activity, probably due to favorable growth of certain microbes over the others 
because of P fertilization and ~15–18% decrease in SOC was observed with P fertilization rates 
5 and 15 g m-2 yr-1 than 10 g m-2 yr-1 in 0–20 cm depth.  
Previous studies have mainly focused on analyzing the impact of tillage, crop rotation, 
fertilization and manure additions on soil aggregation (Mikha et al., 2013; Mikha et al., 2015; 
Maiga et al., 2019; Al-Kaisi et al., 2014; Sainju et al., 2008; Chu et al., 2016; Bansal et al., 
2019). By contrast, to our knowledge only few experiments focus on direct impact of P additions 
on soil aggregation. Ghosh et al. (2018) reported that 120:26 kg N:P application showed 12% 




microaggregates and silt + clay sized fraction did not differ significantly. Camenzind et al. 
(2016) observed 4.1% increase in water stable aggregates with P application rate of 10 kg ha-1 yr-
1 than control in tropical ecosystem. Soil aggregation tends to increase SOC by influencing soil 
fertility and crop productivity by reducing erosion and controlling air permeability, water 
infiltration, and nutrient cycling (Zhang et al., 2012, Singh et al., 2019b). Soil aggregates are 
important agents of SOC retention (Haile et al., 2008) by occluding C against microbial 
decomposition (Six et al., 1999; Sollins et al., 1996). Generally, macroaggregates are associated 
with more C than microaggregates, but macroaggregates are more vulnerable to be broken down 
than microaggregates, releasing the protected SOC (Ghosh et al., 2018; Sainju, 2006). Thus, it is 
important to study the distribution and stability of soil aggregates as it can explain the fate of 
SOC with different management practices.  
 Previous studies have shown the impact of N fertilizer on soil C sequestration (Ladha et 
al., 2011; Lu et al., 2011) and effects of cropping systems and tillage practices on soil C, N, and 
P (Chalise et al., 2019; Maiga et al., 2019; Singh et al., 2019a; Singh et al., 2020; Wegner et al., 
2018). There are few studies which directly targeted P fertilization influences on soil organic C 
and N changes, especially related to soil aggregates. In addition, the long-term P fertility trials 
being conducted in mid and west Tennessee are important for studying P effects on soil 
sequestration as the warm and humid environment in this region favors more C decomposition 
than accumulation. Thus, the goal of this study was to examine the effect of long-term P 
fertilization on soil organic C, N, and C:N ratio in different soil aggregates and at various depths 
in no-till corn-wheat-soybean rotations, a typical cropping system in the mid-southern states. 
 The research was initiated with the following specific objectives: 1) to determine the P 




system, 2) to understand the distribution of soil aggregates in response to P fertilization rates at 
different soil depths, and 3) to quantify the SOC and N associated with different aggregate size 
classes at various soil depths. We hypothesized that: 1) Long-term P fertilization increases SOC 
and N contents in bulk soils over years, 2) Phosphorus application results in higher large 
macroaggregate fraction and lower microaggregate fraction than the zero P control, and 3) 
Phosphorus fertilization increases C and N stocks in small macroaggregates and microaggregates 
in top soil. 
 
MATERIALS AND METHODS 
 
Experimental Site, Treatments, and Design 
 
The study was conducted at two humid subtropical locations in Tennessee since 2009. 
The first location is the University of Tennessee’s Highland Rim Research and Education Center, 
Springfield (35.5° N, -87.3° W), situated in the karst topography region in middle Tennessee, 
northern Alabama, central and western Kentucky, and southern Indiana. The soil at this site is a 
Mountainview silt loam soil (Fine-silty, siliceous, semiactive, thermic oxyaquic Paleudults). 
Springfield has a mean annual precipitation of 128 cm and mean annual temperature of 14.2 °C. 
The second location is the University of Tennessee’s Research and Education Center at Milan 
(35.54° N, -88.44° W) located in the Eastern Gulf Coastal Plain that covers most of western 
Tennessee, western Alabama, a major portion of Mississippi, eastern Louisiana, and a small 
section of western Kentucky. The soil at this site is a Grenada silt loam (Fine-silty, mixed, active, 
thermic Oxyaquic Fraglossudalfs). This site has a mean annual precipitation of 107 cm and a 




beginning of experiment in 2009 was 5.98 ± 0.0 and 5.87 ± 0.1 and Mehlich-1 extractable soil P 
levels varied as low (7.01 ± 0.5) and medium (13.4 ± 2.0) mg kg-1 at Springfield and Milan, 
respectively.  
Both experimental sites were under no-till corn-wheat-soybean rotations (Table 2.1) with 
the University of Tennessee recommended seeding rates of 74,131 ha-1, 1-2 bushels per acre, and 
345,947 ha-1, respectively. The fertilizer treatments comprised of 0, 29, 59, 88, and 117 kg P ha-1, 
along with an annual maintenance rate of 149 kg K ha-1. Corn and wheat received 168 and 100 
kg N ha-1, respectively, as ammonium nitrate according to the University of Tennessee’s fertility 
recommendations. Soybean did not receive any N fertilizer. Phosphorus and K were applied as 
triple superphosphate and muriate of potash, respectively. Nitrogen was applied at the time of 
planting in April for corn and from mid-February to mid-March for wheat. Phosphorus and K 
fertilizers were uniformly broadcasted on the soil surface during mid-December to the first week 
of March. 
The categories of soil test P levels (Mehlich-1) for Tennessee soils are: low (0 – 9 mg kg-
1), medium (9.5 – 15 mg kg-1), high (15.5 – 59.5 mg kg-1), very high (≥ 60 mg kg-1) (Duncan et 
al., 2015, Savoy and Joines, 2009). Soil samples were collected each year after the harvest of the 
crop but before applying fertilizers (Savoy, 2013) and Mehlich-1 extractable soil P levels were 
evaluated in response to five P treatments (Table 2.2) (Singh et al., 2019a). At both sites, P 
application rates of 29 kg ha-1 and > 59 kg ha-1 maintained soil test P in medium and high 
category respectively (Savoy and Joines, 2009; Duncan et al., 2015; Singh et al., 2019a; Chu et 
al., 2019; Singh et al 2019c). Soil test P levels in the control treatment declined from medium to 







Table 2.1: Cropping sequence from year 2012 to 2018 at the Research and Education Centers at Springfield, TN and Milan, TN. 
Crop Winter wheat Soybean Corn 
Year  2012–2013 2013 2014 
2014–2015 2015 2016 
2016–2017 2017 2018 
 
 
Table 2.2: Mehlich-1 extractable soil P levels (mg kg-1) in response to P application rates from 2012 to 2015 at Springfield  
and Milan (Singh et al., 2019a). 
P rate kg 
ha-1 
2012 2013 2014 2015 
0 
Springfield Milan Springfield Milan Springfield Milan Springfield Milan 
8.4 ± 2.7† 6.4 ± 0.9 9.1 ± 3.3 7.3 ± 4.2 8.5 ± 7.2 7.6 ± 1.9 7.4 ± 2.7 3.7 ± 1.5 
29 10.8 ± 3.3 11.5 ± 2.7 11.6 ± 4.7 12.0 ± 5.5 15.0 ± 5.2 15.0 ± 4.4 13.1 ± 3.2 10.1 ± 4.4 
59 14.0 ± 1.4 12.3 ± 3.7 16.1 ± 4.1 16.1 ± 4.6 17.7 ± 2.5 18.4 ± 2.9 20.6 ± 6.5 14.0 ± 4.2 
88 14.6 ± 3.1 15.1 ± 5.9 21.1 ± 8.2 18.7 ± 5.1 28.7 ± 8.9 23.2 ± 1.1 31.3 ± 10.0 18.1 ± 2.9 
117 15.4 ± 2.0 17.8 ± 1.8 22.0 ± 2.8 27.1 ± 7.4 37.0 ± 12.2 38.1 ± 5.6 43.0 ± 16.4 31.2 ± 10.3 





Estimation of Crop Residue Biomass 
 
Aboveground corn, wheat, and soybean residue biomass (grain excluded) was estimated 
by using annual grain yield from 2012–2015 at both locations and multiplying by respective 
harvest index. The harvest index [grain yield/(grain yield + aboveground biomass returned to 
field] used in this estimation was 0.59 for corn, 0.57 for soybean and 0.31 for wheat (Al-Kaisi et 
al., 2005; Licht, 2003; Hay, 1995). 
Sampling and Measurements 
 
At both locations, annual soil sampling was conducted during April from a depth of 0–15 
cm in 2013–2015. In year 2018, soil samples were collected from depth increments of 0- to- 5, 5- 
to-10, 10- to- 15, and 15- to- 30 cm, measured with a ruler. From each plot, ten soil cores of 2.5-
cm diameter were randomly collected and composited into one sample for each depth. Bulk soil 
samples were air-dried and ground to pass a 2-mm sieve and 0.250-g soil was placed in a tin foil 
cup for SOC and N determination with a LECO TruSpec Analyzer (LECO Corporation, St. 
Joseph, MI) using the dry combustion method. Soil bulk density (Pb, Mg m-3) was measured on a 
per depth, plot, location, and year basis with the core method (Grossman and Reinsch, 2002). 
Since Pb did not differ significantly across plots under similar P treatments at either location (P > 
0.05), mean Pb values were utilized per depth and across locations to calculate SOC and N stocks 
(Rathore et al., 2018; Shi et al., 2016). Soil bulk density at the 0–15 cm depth for 0, 29, 59, 88 
and 117 kg P ha-1 varied as 1.357, 1.360, 1.392, 1.447 and 1.361 g cm-3, respectively, at both 
locations. 




   
Dry-aggregate size distribution was performed to separate four soil aggregate size 
classes: large macroaggregates (>2 mm), small macroaggregates (0.25–2 mm), microaggregates 
(0.053¬0.25 mm) and silt-clay sized mineral fraction (<0.053 mm) using sieves of size 2 mm, 
0.25 mm, 0.053 mm arranged on a sieve shaker (CSC Scientific Company Inc., Fairfax, VA; 
catalog no. 18480). Air dried soil sample of 100 g was placed on the top 2-mm sieve and 
mechanically shaken for 5 mins ± 5 sec. Aggregate weight was determined by weighing size 
fraction collected on each sieve (Mendes et al., 1999, Sainju, 2006). Each aggregate size fraction 
was ground using a mortar and pestle and a 0.250-g soil sample was used for analyzing 
aggregate-associated SOC and N with a LECO TruSpec Analyzer using the dry combustion 
method. 
Wet soil aggregate stability was measured using a wet sieving apparatus (Eijkelkamp 
Agrisearch Equipment, Giesbeek, Netherlands) according to the methodology of Kemper and 
Rosenau (1986). Four grams of air-dried aggregates of size 1 – 2 mm were placed on a 0.26-mm 
sieve and allowed for capillary wetting from the bottom. The stainless-steel container below each 
sieve was filled with sufficient distilled water to cover the soil in the sieve during the lowered 
position of the sieves. The sieves were raised and lowered for 35 times per minute for 3 minutes 
± 5s. Both unstable and stable fractions were collected, oven-dried to constant weight at 105 ℃ 
and weighed. Sand correction of the stable aggregate fraction was done by placing the fraction 
on a 0.26-mm sieve, washing with deionized water; the sand fraction retained on top of the sieve 
was collected, oven dried, and weighed. Finally, wet aggregate stability was calculated using the 
following equation: 
Remained on sieve - sand
Wet aggregate stability % =  × 100










At both locations, a Latin square design with five replications of P fertilizer treatments 
was used. However, for year 2018, soil depth and aggregate sizes were included in the SAS 
model. Data were analyzed for normality using the Shapiro-Wilk test. For the 2018 data, rank 
transformation was performed on SOC and N and log transformation was performed on C:N 
ratio at Milan. The SAS 9.4 version (SAS Institute, Cary, NC) was used with GLIMMIX 
ANOVA procedure with SOC, N, C:N and crop residue biomass as the dependent variables, 
respectively, and P treatment, year and location as the fixed effects. For year 2018, P treatment, 
aggregate size and soil depth were also treated as the fixed factors. Treatment mean separation 
was performed with SAS PDMIX using Tukey’s HSD at a significance level of 0.05. Simple 
linear regression and Pearson’s correlation analysis was performed between crop residue 
biomass of wheat in 2012–2013 and 2014–2015, soybean in 2013 and 2015, corn in 2014 and 
SOC and N in 2015, respectively, combined across the P treatments and locations. 
RESULTS  
 
Soil Organic C, N, and C:N Ratio 
 
The summary of P-values of the effect of P treatment, year, and location on soil C, N, 
C:N (2013–2018), and crop residue biomass (2012–2015) at both Springfield and Milan is 
presented in Table 2.3. Location by P treatment interaction was significant for both C and N, and 
location by year interaction was significant for N and C:N ratio. Crop residue biomass was 





Table 2.3: Summary of statistical significance (P-values) of the fixed effects for SOC, N, and 







C:N ratio Crop residue 
biomass 
(Mg ha-1) 
                    P > F  
Treatment <0.0001 0.0075 0.2437 0.0007 
Year <0.0001 0.1830 <0.0001 <0.0001 
Location <0.0001 <0.0001 
0.4703 
0.0170 <0.0001 
Year × treatment  0.9206 0.4266 0.0755 
Location × treatment 0.0003 0.0016 0.7247 0.9325 
Location × Year  0.1780 <0.0001 <0.0001 <0.0001 
Location × Year × treatment  0.7884 0.7643 0.2237 0.0003 
SOC, soil organic carbon; N, nitrogen; C:N ratio, carbon:nitrogen ratio. 
 
 
At Springfield, 88 kg P ha-1 resulted in significantly higher SOC than the other P 
treatments (Fig. 2.1). Specifically, applying 88 kg P ha-1 increased SOC by 16%, 23%, and 9% 
than the zero P control and 29 and 59 kg P ha-1, respectively. However, the highest P application 
rate of 117 kg P ha-1 decreased SOC significantly (~11%) compared to 88 kg P ha-1. Soil organic 












At Springfield, 88 kg P ha-1 increased soil N by 11% and 19% compared with zero P and 
29 kg P ha-1, respectively (Fig. 2.2). Soil N did not vary significantly between 117 kg P ha-1 and 
the zero P control. Soil N at Springfield was 14% and 13% higher in 2018 than 2013 and 2014, 
respectively (Fig. 2.3). On the contrary, Soil N was lower in 2018 than 2013, 2014, and 2015 at 
Milan. Comparing locations, Milan had 24%, 31%, 33% and 49% lower N than Springfield in 
2013, 2014, 2015 and 2018, respectively. However, soil N was not influenced by the P 
treatments at Milan. 
Figure 2.1: Soil organic C as affected by P treatment at Springfield and 
Milan averaged over years 2013-2018 at 0-15 cm depth. Bars with similar 
lowercase letters across P treatments are not significantly different at P ≤ 
0.05 according to the Tukey’s HSD test. Error bars represent the 




Figure 2.3: Soil N as affected by year at Springfield and Milan 
averaged over the P treatments at 0-15 cm depth. Bars with similar 
lowercase letters across years are not significantly different at P ≤ 0.05 
according to the Tukey’s HSD test. Error bars represent the standard 









Figure 2.2: Soil N as affected by P treatment at Springfield and Milan 
averaged over 2013-2018 at 0-15 cm depth. Bars with similar 
lowercase letters across P treatments are not significantly different at 
P ≤ 0.05 according to the Tukey’s HSD test. Error bars represent the 




Overall, P treatment did not show any significant effect on C:N ratio at either location 
(Table 2.3). At Springfield, the C:N ratio was higher in years 2013 and 2014 than 2015 and 2018 








Crop Residue Biomass 
 
Phosphorus treatments 117 kg P ha-1 resulted in 19% higher wheat residue biomass than 
zero P in 2014–2015 at Springfield (Table 2.4). Wheat residue biomass was 23–28% higher 
under ≥ 29 kg P ha-1 than zero P treatment in 2012–2013 at Milan.  
 
 
Figure 2.4: C:N ratio at Springfield and Milan from years 2013-2018 
averaged over the P treatments at 0-15 cm depth. Bars with similar 
lowercase letters across years are not significantly different at P ≤ 0.05 
according to the Tukey’s HSD test. Error bars represent the standard 












P treatment (kg P ha-1) 
0 29 59 88 117 
                                                            Mg ha-1 
2012-2013 Wheat Springfield 7.90a† 8.05a 7.80a 8.03a 8.76a 
Milan 6.80b 8.37a 8.73a 8.57a 8.68a 
2013 Soybean Springfield 2.47a 2.57a 2.49a 2.60a 2.51a 
Milan  2.43a 2.36a 2.15a 2.36a 2.48a 
2014 Corn Springfield 3.50a 3.66a 3.94a 3.41a 3.52a 
Milan  7.43a 7.77a 7.89a 8.06a 8.11a 
2014-2015 Wheat Springfield 7.29b 8.19ab 8.60ab 8.42ab 8.68a 
Milan  10.27a 9.85a 9.84a 9.84a 9.80a 
2015  Soybean  Springfield 1.40a 1.41a 1.33a 1.33a 1.31a 
Milan  1.75a 1.96a 1.94a 1.94a 1.85a 




Linear Regression of SOC and N with Crop Residue Biomass  
 
A positive yet insignificant linear regression of SOC with soybean residue biomass was 
observed. Moreover, combining across the treatments and locations, the regression of SOC with 
crop residue biomass was not significant at p<0.05 with low R2 values for all three crops. Soil N 
is negatively regressed with corn and wheat residue biomass (Table 2.5). The linear regression of 
soil N with corn and wheat residue biomass was significant with R2 value of 0.18 and 0.29, 
respectively.  
 
Table 2.5: Linear regression of SOC and N with corn, wheat, and soybean residue 
biomass combined across the P treatments and locations. 





SOC = 87.84 - 3.23*Biomass 





SOC = 95.16 - 1.28*Biomass 





SOC = 41.87 + 1.09*Biomass 
N = 5.12 + 0.09*Biomass 
               †SOC, soil organic carbon; N, nitrogen. Bold values indicate P-value < 0.05 
 
Aggregate-associated SOC, N, and C:N Ratio 
 
The summary of P-values for the effects of P treatment, depth, aggregate size, and 
location is presented in Table 2.6, and specific results for aggregate-associated SOC, N, and C:N 










Table 2.6: Summary of statistical significance (P-values) of the fixed effects for aggregate associated SOC, N, C:N, aggregate 
weight, and wet aggregate stability at Springfield and Milan in 2018. 
SOC, soil organic carbon; N, nitrogen; C:N ratio, carbon:nitrogen ratio.  
N.A., not applicable; locations analyzed separately. 





(g kg-1 aggregates) 
N 
(g kg-1 aggregates) 
C:N ratio  Aggregate weight 





P > F* 
Springfield Milan Springfield Milan Springfield Milan Springfield Milan 
0.6617 
                                                                            P > F 
Treatment 0.3767 0.9412 0.5793 0.8718 0.2597 0.9086 0.9989 0.9252 
Depth <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.9875 0.9452 <0.0001 
Size <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N.A. 
Location N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. <0.0001 
Depth × treatment 0.8571 0.9821 0.8408 0.9942 0.7447 0.6920 1.000 0.9995 0.3575 
Size × treatment 0.4140 0.8748 0.9872 0.9892 0.7213 0.7267 0.0156 0.9798 N.A. 
Depth × size <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1724 N.A. 
Location × treatment N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.4288 
Location × depth N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.0080 
Depth × size × treatment  0.9657 0.8192 0.9898 0.9870 0.9567 0.7815 0.2292 0.9305 N.A. 







Aggregate-associated SOC contents at both Springfield and Milan locations were 
significantly influenced by the depth by aggregate size interaction, but P treatment did not have 
any significant effect on SOC in aggregates (Table 2.6). At Springfield, SOC level was 
significantly higher with 0.053–0.25 mm than the other aggregates in the 0–5, 5–10, and 10–15 
cm depths (Fig. 2.5). However, in 15–30 cm, SOC did not differ among the >2 mm, 0.25–2 mm 
and 0.053–0.25 mm size aggregates. Aggregate associated SOC at Milan was significantly 
higher in the 0.053–0.25 mm than the other aggregates at all soil depths, however, only at 15–30 





Figure 2.5: SOC as affected by the interaction of depth by aggregate size at 
Springfield in 2018. Bars with similar lowercase letters are not significantly 
different within each soil depth at P ≤ 0.05 according to the Tukey’s HSD test. 

















Soil aggregate associated N results coincide with SOC, where the depth by aggregate size 
interaction exerted significant effect on N at both locations (Table 2.6). However, P treatment 
did not have any significant effect on aggregate-associated N at either location. At Springfield, N 
associated with 0.053–0.25 mm was significantly higher within 0–5 cm and 5–10 cm but lower 
within 10–15 and 15–30 cm than the other aggregate sizes (Fig. 2.7). At Milan, soil N was 
significantly higher in 0.053–0.25 mm than the other aggregates except > 2 mm aggregate size in 
0–5 cm regardless of soil depth (Fig. 2.8).  
Figure 2.6: SOC as affected by the interaction of depth by aggregate size 
at Milan in 2018. Bars with similar lowercase letters are not significantly 
different within each soil depth at P ≤ 0.05 according to the Tukey’s HSD 












Figure 2.7: Soil N as affected by the interaction of depth by aggregate size 
at Springfield in 2018. Bars with similar lowercase letters are not 
significantly different within each soil depth at P ≤ 0.05 according to the 
Tukey’s HSD test. Error bars represent the standard error of the mean. 
Figure 2.8: Soil N as affected by the interaction of depth by aggregate 
size at Milan in 2018. Bars with similar lowercase letters are not 
significantly different within each soil depth at P ≤ 0.05 according to the 





Aggregate-associated C:N Ratio 
 
At both locations, the depth by aggregate size interaction influenced C:N ratio, but P 
treatment did not have any significant effect (Table 2.6). Within 0–5 cm, the C:N ratio was 
significantly higher in aggregate sizes: 0.25–2 mm and 0.053–2 mm than the other two aggregate 
sizes; however, only 0.053–0.25 mm had higher C:N ratio than the other aggregate sizes within 







Figure 2.9: C:N ratio as affected by the interaction of depth by aggregate 
size at Springfield in 2018. Bars with similar lowercase letters are not 
significantly different within each soil depth at P ≤ 0.05 according to the 











Aggregate Size Distribution 
 
At Springfield, treatment by aggregate size and depth by aggregate size, and at Milan, 
aggregate size alone had significant effects on aggregate weight (Table 2.6). Phosphorus rate 29 
kg ha-1 significantly increased >2 mm related weight by 8% compared with the zero P control at 
Springfield (Fig. 2.11). There was no significant difference in >2 mm weight between the > 29 
kg P ha-1 treatments and zero P. Additionally, at Springfield, >2 mm weight was 8% and 7% 
lower at 0–5 cm and 15–30 cm, respectively, than 10–15 cm depth (data not shown). At Milan, 
aggregate weight significantly varied with aggregate size, and it was higher for >2 mm followed 
Figure 2.10: C:N ratio as affected by the interaction of depth by 
aggregate size at Milan in 2018. Bars with similar lowercase letters are 
not significantly different within each soil depth at P ≤ 0.05 according to 





by 0.25–2 mm, <0.053 mm, and 0.053–0.25 mm averaged over the P treatments and soil depths 









Wet Aggregate Stability 
 
The location by depth interaction had significant influence on wet aggregate stability, 
however, P treatment did not show any significant effect in this study (Table 2.6). At Springfield, 
wet aggregate stability did not vary significantly among the 0–5, 5–10, and 10–15 cm depths, but 
decreased by 10% at 15–30 cm compared to 0–5 cm (Fig. 2.12). At Milan, wet aggregate 
Figure 2.11: Aggregate weight as affected by the interaction of P 
treatment and aggregate size at Springfield in 2018. Bars with similar 
lowercase letters across P treatments are not significantly different at P 
≤ 0.05 according to the Tukey’s HSD test. Error bars represent the 




stability at 0–5 cm was significantly higher by 15%, 18%, and 34% than those with 5–10, 10–15, 
and 15–30 cm, respectively. Wet aggregate stability at 5–10 cm was significantly higher than 









Soil Organic C, N, and C:N Ratio 
 
Soil C content was greater when exposed to P rate of 88 kg ha-1 as compared to other P 
fertilization rates. Increased P fertilizer rates maintained soil in the high test P category at 
Figure 2.12: Wet aggregate stability as affected by the interaction of location 
by soil depth. Bars with similar lowercase letters across soil depths are not 
significantly different at P ≤ 0.05 according to the Tukey’s HSD test. Error 




Springfield which gradually increased SOC except at the highest P rate of 117 kg P ha-1 where 
SOC declined significantly and overlapped with unfertilized treatment (Fig. 2.1). The increase in 
SOC with P application agree with previous studies, which showed that P addition significantly 
increased C stocks (Bradford et al., 2008; Zhao et al., 2017; Garland, 1996; Li et al., 2010), 
however these studies differ from ours in terms of cropping systems and tillage practices. Zhao et 
al. (2017) showed that the addition of P fertilizer significantly increased soil C storage by 5% 
compared to no fertilizer treatment in the 0–20 cm soil layer, but the results were observed over a 
longer duration (> 20 year). Phosphorus rate of 29 kg P ha-1 maintained soil in medium category 
during entire study period at both sites, however, SOC and N under this rate were significantly 
lower than 59 and 88 kg P ha-1 rates at Springfield which maintained soils under high P category. 
Soil C at the Milan location did not show any significant response to P treatment.  
The decrease in SOC at 117 kg P ha-1 at Springfield suggests that soil P level after certain 
extent may not serve as C sink, but rather negatively affect long-term C sequestration. Bradford 
et al. (2008) reported that under increased P availability, higher soil respiration and CO2 fluxes 
due to more rapid decomposition by microbial community and greater root respiration were 
observed. Phosphorus fertilization can increase microbial biomass but reduce their activity due to 
toxicity of nutrient that affects microbial biomass carbon (Vitousek et al., 1997; Li et al., 2014). 
Previous studies by Mack et al. (2004), Cleveland and Townsend (2006) and Stiles et al. (2017) 
with P fertilization rates of 2.2 g P m-2, 150 kg P ha-1 yr-1 and 20 kg P ha-1 yr-1 respectively, have 
shown a net loss of soil C after P fertilization. On the other hand, previous studies reported that 
certain P rates positively influenced microbial community structure and thus increased microbial 




and C:P ratio were observed at 17 and 35 kg P ha-1 than zero P in maize-soybean rotation (Liu et 
al., 2008). Increased bacterial-bacterial interactions and total dry matter content were reported in 
Sugarcane under Bayovar rock phosphate (14% of P2O5) than zero P (Gumiere et al., 2019). 
High P treatment (741.85 ppm) in alfalfa (Medicago sativa) showed distinct fungal communities 
with an increase in Saccharomycetes and decrease in Basidiomycetes and bacterial communities 
with an increase in Xanthomonadacea, Burkholderiaceae and decrease in Pseudomonadacea and 
Comamonadaceae families than zero P or low P (174.4 ppm) in a greenhouse study (Kaminsky 
et al., 2018). Application of 48 kg P ha-1 as inorganic fertilizer showed phospholipid fatty acid 
concentration of 47.42 nmol g-1 of soil total microbial biomass, 42.24 μmol p-nitrophenol-
phosphate g-1 min-30 acid phosphatase activity, 75.27 mg kg-1 soil available P, and contributed 
8% increase in forage production over the zero P control in silage-corn production system (Ali et 
al., 2019). Application of dairy manure with P concentration of 0.7 kg P 1000 L-1 increased 
amounts of total and bacterial phospholipid fatty acids, gram negative, gram positive, fungi, 
eukaryotes, and fungal: bacterial ratio compared to the zero P treatment in silage corn production 
system (Ali et al., 2019).  
Crop residue biomass was not significantly influenced by P treatments within any year 
with the following exceptions. At Milan in 2012–2013, all the P applied treatments had 
significantly higher wheat residue biomass than zero P. At Springfield in 2014–2015, 117 kg P 
ha-1 resulted in significantly higher wheat residue biomass than the zero P control. Since 
Tennessee soils are not extremely P deficient, P fertilization only may not cause large variations 
in crop residue biomass. The linear regressions of SOC with residue biomass of corn, wheat and 




positive correlation between SOC and crop productivity were also reported in studies by Dijkstra 
and Cheng (2007), van Groenigen et al. (2006), Singh et al. (2019a). This indicates that SOC and 
N are affected by factors other than crop residue biomass such as variations in rainfall, soil 
moisture, etc. (Singh et al., 2019a, Duminda et al., 2018; Bradford et al., 2008). Nafziger and 
Dunker (2011) study showed a lack of correlation between SOC levels and corn yields 
demonstrating that reasons of SOC changes can be complex and may not be closely and solely 
related to crop management. These findings are also consistent with P fertilization studies where, 
despite positive crop residue biomass response, a negative, positive and negligible effects on 
SOC stocks have been observed (Mack et al., 2004, Bradford et al., 2008, Waldrop et al., 2004, 
Neff et al., 2002). Increased crop residue addition with no-tillage did not increase SOC (Wegner 
et al., 2018) especially under warm and humid climatic conditions of study region where residue 
decomposition was promoted over accumulation (Jagadamma et al. 2019). Surface 0–15 cm 
layer of no-till system typically consists of easily decomposable C inputs and higher water 
extractable C concentrations ultimately reducing the overall SOC (Blanco and Wortmann, 2020; 
Singh et al., 2020; Jagadamma et al., 2019).  
Singh et al. (2019a) analyzed the effect of the same P levels on crop yields at the same 
locations as our experimental sites and reported lower soil test P levels by the end of the 
experiment at Milan due to four-fold increase in grain P removal by corn (170 kg ha-1 yr-1) than 
Springfield (38 kg ha-1 yr-1). However, corn yield at Milan was only two-fold higher than that at 
Springfield, indicating a two-fold increase in grain P concentration at Milan compared with 
Springfield. Additionally, soil test P responses are dependent on clay content and soil type 




Application rate of ≥ 59 kg P ha-1 at Milan resulted in high soil P category, however, it 
did not significantly affect the soil N levels at any P application rate. The soil at Milan is not as 
well drained as the soil at Springfield because of a fragipan typically found in a Grenada soil, 
whereas the soil at Springfield is very deep and well drained. Generally, potential immobilization 
of N is favored under no-tillage where readily mineralizable C accumulates near the soil surface, 
thus increasing soil N significantly under no-tillage compared to conventional tillage as observed 
in previous studies (Doran et al., 1998; Zibilske et al., 2002; Reeves et al., 1997; Al-Kaisi et al., 
2005; Sainju et al., 2008). Low soil N in 2013 and 2014 might be indication of higher wheat, 
soybean and corn N removal from soil and supplying it via crop residue to soybean and corn 
grown in 2015 and 2018, respectively. Soybean residue biomass is positively related with SOC 
and N, however, the P-value is > 0.05. Soybean leaves less residue on a field than corn which 
warms soils faster in spring and enhances soil organic matter decomposition, ultimately releasing 
more nitrate and ammonium to the following crop. Additionally, soybean is a low residue crop 
with low C:N ratio (20:1 – 40:1) than corn which is high residue crop with high C:N ratio (57:1 – 
70:1), hence, microorganisms could easily decompose soybean residues and have to utilize soil 
N during corn residue decomposition in field. At Springfield, soybean grown in 2013 and 2015 
could explain the increase in soil N by allowing N to become available in the later years. Soil 
samples were collected after soybean harvest in spring 2018 which might also explain the higher 
soil N. The increase in soil N at Springfield and decrease at Milan was not observed until the 
final year of study. Several factors affect soil N availability including soil type, soil texture, 
moisture, temperature, residue amount, residue type, chemical composition of residue and 




Higher C:N ratio in 2013 and 2014 at Springfield suggests that soil organic matter is 
more C enriched with slower decomposition; but relatively low C:N ratio in 2015 and 2018 
indicates that soil organic matter has undergone humification and favor N mineralization (Dick, 
1983, Doran et al., 1998), and it may provide an important part of the available N to plants 
during the growing season. At Springfield, the decreased C:N in 2015 and 2018 is related to 
significantly lower amount of soybean residue biomass returning to soil compared to wheat and 
corn. Therefore, under low soil C conditions, soil microorganisms fully utilize the available C 
that is in the residue to release excess mineral N to the soil, and under higher soil C relative to N, 
a slower rate of residue decomposition and delay in N available to soil microorganisms will 
occur (Al-kaisi et al., 2017). In initial years, C to N ratio did not vary significantly at Milan, 
which suggests that both SOC and N probably change at the same rates and in the same 
direction.  
 
Aggregate-associated SOC, N and C:N Ratio 
 
In our study, a large amount of SOC is associated with 0.053–0.25 mm aggregate size 
regardless of location, which is expected to be more stabilized and have greater long-term sink 
capacities for SOC due to protection against mineralization than >2 mm size (Schlesinger and 
Lichter, 2001; Haile et al., 2008; Sallan et al., 2017; Singh et al., 2020). The SOC occluded in >2 
mm or 0.25–2 mm is considered plant derived and has a turnover time of 1 to 10 years, while 
SOC with 0.053–0.25 mm is more microbially derived and has 10 to 100 years, and SOC in 
<0.053 mm size has >100 years (Lützow et al., 2006; Grandy and Robertson, 2007; Lützow et 




management, land use, and vegetation type (Haile et al., 2008; Six et al., 2000; Haynes, 2005; 
Rumpel and Kögel-Knabner, 2011). Bradford et al. (2008) showed that P fertilization resulted in 
increased particulate organic matter C fraction, whereas C related to <0.053 mm fraction did not 
vary or was lower from the unfertilized control treatment. However, in our study, the effect of P 
fertilization was not observed in aggregate associated C at any depth.  
The presence of most of the SOC in 0.053–0.25 mm microaggregates in top layer of soil 
and in aggregates between >2 – 0.053 mm at 15–30 cm concurs with several studies highlighting 
the importance of aggregate size and soil depth on the potential of soil C sequestration (Jastrow, 
1996; Six et al., 1998; Denef et al., 2004). In our study, most of the C and N was protected in < 
0.25 mm aggregates implying reduced rate of mineralization from decreased soil disturbance 
under no-tillage which masked the effect of P fertilization (Sainju, 2006; Six et al., 2000; Elliot, 
1986; Stetson et al., 2012). The lower SOC at deeper soil depth (15–30 cm) was due to lack of 
mixing of residues and labile C which is generally readily consumed by microbes in rhizosphere 
(Ashworth et al., 2014; Al-Kaisi et al., 2005). Subsoil (15–30 cm) C and N accumulation 
required more than 8 years of cropping sequence and residue addition under no-tillage 
management compared to that of the surface layer (0–15 cm) (Ashworth et al., 2014). The 
presence of narrow C:N ratio suggests higher rates of organic matter decomposition than that 
with wide C:N ratio, which might be the reason for less SOC storage at Milan. 
 
Aggregate Size Distribution and Wet Aggregate Stability 
 
The presence of higher percentage of water stable aggregates at Springfield indicated 




water stable aggregates at Milan showed lower SOC levels as compared to Springfield. Lower 
SOC and N at Milan regardless of P treatment could be the result of unfavorable soil formation 
and lower aggregate stability, signifying that soil properties play a huge role in deciding whether 




This study focused on the long-term effect of P fertilizer rates on bulk soil and aggregate-
associated SOC and N on low and medium P soils in Tennessee under no-till corn-winter wheat-
soybean rotations. The results from the low P soil at Springfield showed that annual application of 
88 kg P ha-1 resulted in high soil test P and accumulated higher SOC and N in the 0–15 cm soil layer 
than 0, 29, and 59 kg P ha-1. However, application of P at 117 kg ha-1 decreased SOC possibly due to 
rapid microbial respiration under increased P availability, indicating that over-application of P is not 
supportive of C sequestration in soil. Soil organic C or N did not respond to P fertilization on the 
medium P soil at Milan since grain P removal was four times higher than that at Springfield, higher 
initial P fertility and greater P sorption capacity of Milan soil might have led to slower increase in 
soil P. The absence of a significant positive regression of SOC and N with crop residue biomass 
implies that warm and humid climatic conditions of the Mid-south favors residue decomposition 
over accumulation resulting in rapid decomposition of SOC at 0–5 cm, which can minimize the 
overall SOC improvement for single layer soil sample collected from 0–15 cm. The alterations in 
SOC and N may not be merely dependent on crop residue biomass. Application of 29 kg P ha-1 




Concentrations of SOC and N were higher in microaggregates (0.053–0.25 mm) than the 
other aggregates. Aggregate associated SOC and N results suggest that soil depth related variation in 
SOC and N is highly dependent on aggregate size distribution rather than P application. Hence, it is 
extremely important to focus on those best management practices which can directly improve 
macro- and microaggregate formation in soil such as crop rotations, cover crops, no-tillage, etc. 
Although macroaggregate weight was greater than those of the other aggregates, concentrations of 
SOC and N was higher in microaggregates (0.053–0.25 mm) which demonstrates that SOC and N 
are more stabilized and protected against mineralization in smaller aggregates.  
The overall results of this study conclude that the SOC and N stocks are increased on low P 
soils with appropriate P application, which is crucial for simultaneous improvements of soil C 
sequestration and crop yield. This study will help determine the efficient use of P fertilizer with a 
goal to improve SOC and N levels ultimately enhancing crop production and simultaneously 
increasing soil C sequestration, which highly depends on soil initial P fertility. The similar 
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CARBON FOOTPRINT AND NET CARBON GAIN OF LONG-TERM 







Due to increased contribution from agriculture sector to total greenhouse gas emissions, 
there is need to study diverse cropping systems including crop sequences and bio-covers under 
no-tillage in terms of their ability to contribute towards C equivalent emissions. Thus, C-
footprint was calculated for a long-term crop sequence and bio-cover experiment at the 
University of Tennessee’s Research and Education Center in Milan with six-crop sequences: 
continuous cotton, cotton-corn, continuous corn, corn-soybean, continuous soybean, and 
soybean-cotton interacted with four bio-covers: poultry litter, hairy vetch, winter wheat and 
fallow control with three replicates in a split-block design. Data for field inputs of fertilizers, 
pesticides, and machinery used for planting, chemical applications and harvesting and field 
outputs of crop yield and aboveground and belowground biomass were assessed for each crop 
sequence/bio-cover combination during the entire experimental duration of 2002-2017 to 
calculate total C equivalence of inputs and outputs, net C gain, C footprint per kg yield, and 
nitrous oxide emissions. Net C gain was significantly higher for continuous corn, corn-soybean, 
and cotton-corn i.e. 5.4, 3.9 and 3.7 Mg C eq. ha-1 yr-1, respectively, than the other crop 
sequences. Higher net C gain under continuous corn is a result of significantly higher crop yield 
and aboveground and belowground biomass of 7.80, 15.61, 3.43 Mg ha-1 respectively, followed 
by corn-soybean and cotton-corn. Carbon footprint per kg yield was significantly lower by 8% 
and 46% for hairy vetch and poultry litter, respectively, than the fallow control. Poultry litter and 
hairy vetch resulted in significantly higher direct and indirect N2O emissions than the other bio-
covers. Inclusion of soybean and cotton with corn significantly decreased nitrous oxide 




with 68% contribution to total emissions on average. In conclusion, in order to increase per 
hectare net C gain and reduce per yield C-footprint simultaneously, integrating the crop 
sequences of continuous corn or corn in rotation with soybean or cotton  with bio-covers poultry 
litter and hairy vetch performs better than the monocultures of soybean or cotton integrated with 
bio-cover of wheat and fallow control in the Mid-south USA. Utilization of improved farming 
practices, such as fertilizing crops based on soil test results, utilizing organic manure, and/or 
rotating high residue crop with leguminous crop increases net C gain and reduces C footprint of 




Total gross U.S. greenhouse gas (GHG) emissions in 2017 were 6,457 million metric tons 
(MMT) of carbon dioxide equivalent (CO2 eq.), out of which agriculture was accountable for 
542.1 MMT CO2 eq. i.e. 8.4% of total U.S. GHG emissions (EPA, 2019). Over the twenty-eight-
year period of 1990 to 2017, total emissions from agriculture sector grew by 51.8 MMT CO2 eq. 
i.e. by 10.6% (EPA, 2019). The primary GHGs emitted by agricultural activities are methane 
(CH4), nitrous oxide (N2O), and carbon dioxide (CO2) (IPCC, 2013). Greenhouse gas 
concentrations increased in the atmosphere from preindustrial era (i.e., ending about 1750) for 
CO2 from 280 ppmv to 407 ppmv, CH4 from 700 ppb to 1,849 ppb, and N2O from 270 ppb to 
330 ppb in 2017 (IPCC 2013, NOAA/ESRL 2018a, 2018b, 2018c). Methane emissions occur 
primarily from enteric fermentation in animals and manure management while CO2 related 
emissions usually occur from urea fertilization, crushed limestone and dolomite (for soil liming) 




2013). The major sources of N2O emissions were application of synthetic and organic N 
fertilizers, deposition of livestock manure, and growing N-fixing plants, accounting for 73.9% of 
total N2O emissions (EPA, 2019). However, agriculture can mitigate climate change by lowering 
the net GHG emissions from both industrial and agricultural sectors by enhancing soil C 
sequestration (Lal, 2004a; Dubey and Lal, 2009). 
The concerns about global warming from GHG emissions have encouraged the 
quantification of carbon footprint, i.e. measured in CO2 eq. as the influence that agricultural 
activities have on the environment in the amount of GHGs produced (Hillier et al., 2009; Dubey 
and Lal, 2009). In order to achieve overall reduction in C footprint, there is need to breakdown 
and analyze the C footprint contributions from each farm related activity. With the growing 
population, the focus should be on reducing the GHG emissions per unit of agricultural product, 
i.e. C footprint of agricultural product. The agriculture sector contributes significantly to the 
global C emissions through production and use of farm machinery, crop protection chemicals 
such as herbicides, insecticides, and fungicides and fertilizers (Lal, 2004; West and Marland, 
2002). 
Previous studies have shown the estimates of hidden C emissions from fertilizer 
manufacturing, packaging, transporting, and distributing range from 0.9 to 1.8 kg CE kg-1 N, 0.1 
to 0.3 kg CE kg-1 P2O5 and 0.1 to 0.2 kg CE kg-1 K2O (Lal, 2004; Maheshwarappa et al., 2014; 
Dubey and Lal, 2009; FAO, 2017). The production of fertilizer reportedly emits 0.81, 0.101, 0.08 
kg CE kg-1 N, P2O5 and K2O, respectively (West and Marland, 2002). The energy input in 
contrast to chemical fertilizers is much less for nutrients from animal manure estimated at 7 – 8 g 




distribution of herbicides, insecticides and fungicides range from 1.7 to 12.6, 1.2 to 8.1, and 1.2 
to 8.0 kg CE kg-1 active ingredient, respectively (Lal, 2004; Pimentel, 1980; Green, 1987). Since 
N is a very C sensitive input, it is important to enhance N use efficiency via using animal 
manure, cover crops, N-fixing crops and recycling nutrients contained in crop residues (Lal, 
2004). Studies suggest that the emissions associated with the planting, fertilizer spraying, and 
harvesting range from 2.2 to 3.9, 0.5 to 1.3, 6.2 to 8.6, 8.5 to 11.5 kg CE ha-1, respectively (Lal, 
2004; Swanton et al., 1996).  
After harvesting, the decomposition of remaining straw and root residues in the field and 
transformation of the applied N fertilizer become important N sources for nitrification and 
denitrification, contributing directly and indirectly to N2O emissions (Gan et al., 2014; Janzen et 
al., 2006). Nitrification occurs when NH4+ oxidizing bacteria such as Nitrosomonas sp. 
catabolize NH4+ and transform it to nitrite (NO2-), which is further oxidized into NO3- by 
Nitrobacter sp. and Nitrospira sp (Norton, 2008). Denitrification is anaerobic microbial 
reduction of NO3- to N2, however in this process a small and variable portion of N is emitted as 
N2O gas. Apart from the availability of inorganic N including NO3- concentration in the soil, 
other factors controlling the magnitude of N2O emissions are spatially and temporally variable 
environmental drivers such as temperature, water-filled pore space, available C, etc. (Snyder et 
al., 2009; Bedard-Haughn et al., 2006). 
Carbon sequestration efforts utilize agricultural soil management practices such as 
organic amendments (Sainju et al., 2008; Mikha et al., 2015), cover crops (Schaefer et al., 2020; 
Ashworth et al., 2014), reduced or no-tillage (Jagadamma and Lal, 2010; Singh et al., 2020), and 




SOC stocks and offset some portion of GHG emissions (Wegner et al., 2018; Congreves et al. 
2017; Bansal et al., 2019). Meta-analysis of 122 studies by McDaniel et al. (2014) estimated that 
converting monoculture to crop rotation by adding one or more crops increased total soil C by 
3.6% and total N by 5.3%. Meta-analysis by Poeplau and Don (2015) from 30 studies with 139 
plots at 37 sites estimated that cover crops can globally sequester 0.12 ± 0.03 Pg C yr-1, which 
would compensate for 8% of the direct annual GHG emissions from agriculture and has a 
potential to lower Earth’s temperature by 0.1–0.26°C (Mayer et al., 2018). The adoption of best 
management practices such as reducing summer fallow frequency, including legumes in the 
rotation, and use of higher inputs of inorganic fertilizers and chemicals has been shown to 
increase crop yields compared with traditional monoculture systems (Gan et al., 2014). However, 
high yielding systems include the increased use of inorganic fertilizers and pesticides 
contributing to greenhouse gas emissions. Key farming practices need to be identified and 
integrated systematically to reduce C footprint of a cropping system. Tennessee has been 
practicing conservation tillage where about 75.6% of corn, 85.1% soybean and 80.0% cotton are 
grown in a no-till or conservation tillage system (NASS, 2018). Adoption of conservation tillage, 
along with efficient use of irrigation, fertilizers, and pesticides can result in higher yields, 
increased SOC and organic matter additions to soil. However, C emitted from manufacture and 
use of agricultural inputs may negate all or part of the increased C sequestered through adoption 
of conservation practices (Schlesinger, 1999; West and Post, 2002).  
Studies have been conducted in the United States on life cycle assessment in the corn belt 
states to estimate the environmental burdens associated with grain corn and forage corn 




energy use and C emissions from management practices i.e. use of fuels, fertilizers, lime, 
pesticides, irrigation, seed production and farm machinery use under no-till and conventional 
practices (West and Marland, 2002), and C footprint and sustainability of major production 
systems in Ohio (Dubey and Lal, 2009). However, there is lack of site specific experimental 
information on crop sequences integrated with bio-covers to reflect the Mid-south cropping 
systems where cotton is one of the major crops and no-tillage is dominantly used. 
Considerable research has been undertaken to quantify GHG; however, C footprint is 
required to be estimated on whole-farm-level involving C-based inputs and outputs in diverse 
cropping systems with bio-covers under no-tillage. This research gap needs to be addressed 
considering that agriculture sector is reported to be greatest contributor of GHGs yet has 
potential to compensate those emissions. This research examined the C footprint measured in 
CO2 eq. of a long-term trial (2002-2017) involving six crop sequences of corn, cotton and 
soybean integrated with four bio-cover treatments of hairy vetch, poultry litter, wheat and fallow 
control, which make up the major cropping systems in the Mid-south region the USA. The 
objectives of this study were to 1) evaluate CO2 equivalence of C-based inputs i.e. production, 
transportation, storage and distribution of fertilizers (N, P, and K) and pesticides, machinery used 
for planting and sowing, fertilizer and pesticide applications and crop harvesting; 2) assess CO2 
equivalence of C-based outputs such as crop yield, total aboveground biomass, belowground 
biomass and total biomass; 3) determine C footprint per kg yield and net C gain of cropping 
systems; and 4) assess direct and indirect N2O emissions under different crop sequence and bio-




system can increase net C gain and lower the C footprint compared with monoculture or 
continuous systems.  
MATERIALS AND METHODS 
 
A long-term experiment was initiated in 2002 at the University of Tennessee Research 
and Education Center in Milan, TN (35.54° N; 88.44° W) located in the Eastern Gulf Coastal 
Plain covering western Tennessee, western Alabama, a major portion of Mississippi, eastern 
Louisiana, and a small section of western Kentucky. The soils at the site are classified as a 
Loring B2 series (Fine-silty, mixed, active, thermic Oxyaquic Fragidalf). Mean annual 
precipitation at the site is 107 cm and the mean annual temperature is 14.8°C. The research trial 
was continued from 2002 to the present with 10 different crop sequences of corn, soybean and 
cotton and five bio-covers of wheat, hairy vetch, Austrian winter pea, poultry litter and a fallow 
(winter weeds) and repeated annually under no-tillage production. Prior to initiating the study, 
the study site was planted in corn in 2001, soybean in 2000, and cotton in 1999. Wheat and hairy 
vetch were planted each winter, except the winter prior to the study in which the site was left 
fallow. The study was managed under long-term no-tillage since 1986.  
Eight-row corn and soybean plots were planted in 76.2-cm-wide rows in plots that were 
6.1 by 12.3 m with a John Deere 1700 Maxemerge planter (Deere & Company, Moline, IL). Six-
row cotton was planted in 101.6 cm wide rows in plots of 6.1 by 12.2 m with a John Deere 1710 
Maxemerge planter. Corn was planted between 12 April and 9 May, soybean between 29 April 
and 30 May, cotton between 7 May and 12 May. Poultry litter was surface-applied with a New 
Idea 3726 Series (New Idea, Coldwater, OH) before crop planting and the plots received N 




Laboratories, Inc., Memphis, TN). Bio-covers were planted mid-October through mid-November 
during the previous cropping year, and then terminated with burndown herbicides prior to 
planting the summer crop of the following year. A more detailed description of this site and 
history of this long-term experiment were reported in Ashworth et al. (2014) and Ashworth et al. 
(2016).  
In this study, the data on C-based inputs and outputs were collected from 2002–2017 for 
each crop sequence i.e. continuous cotton, cotton-corn, continuous corn, corn-soybean, 
continuous soybean, and soybean-cotton with bio-covers of hairy vetch, wheat, poultry litter and 
fallow control under no-tillage system. The C based inputs considered in this study were:  
1. Production, packaging, storage, and distribution of fertilizers (N, P2O5, and K2O), and 
pesticides (herbicides, insecticides, and fungicides) 
2. Machinery use for crop planting and sowing, fertilizer and pesticide applications, and 
crop harvesting 
The C-based outputs considered were: 
1. Crop yield 
2. Above-ground biomass 
3. Below-ground biomass  
These data were used to calculate CO2 equivalent per hectare of input and output, and 










To estimate CO2 eq. emissions, a boundary was set from the production, packaging, 
storage and distribution of fertilizers and pesticides. Within the set boundaries, emission factors 
were obtained from Kool et al. (2012), Greens (1976), Audsley et al. (2009), Greens (1987), 
Clements et al. (1995), Lal (2004), and Pimentel et al. (1980); which are presented in Table 3.1. 
Fertilizers and pesticides applied on the study site were utilized to calculate CO2 eq. emission 
using the following equation: 
-1
2 2 .  (   )     CO eq emission kg CO ha EF application rate   
Where, EF is the emission factor (kg CO2 kg-1 nutrient or active ingredient); application rate is 













Table 3.1: Emission factors in CO2 equivalent for the production, packaging, 
storage and distribution of fertilizers, lime, and pesticides. 
Chemicals EF (kg CO2 per kg N or 
P2O5 or K2O or a.i.) 
Fertilizer 
Ammonium Nitrate 8.27 (6.15 – 12.76) a 
Calcium Ammonium Nitrate 8.31 (6.18 – 12.79) 
Urea 3.75 (3.29 – 4.17) 
UAN 6.04 (2.74 – 12.79) 
Triple Superphosphate 0.36 (-0.04 – 0.52) 
Muriate of Potash 0.56 (0.39 – 0.71) 
Lime 0.074 (0.054 – 0.089) 
Herbicide 
Paraquat dichloride 33.95 
Acetochlor 23.10 
Glyphosate 33.55 







Azoxystrobin  2.26 
a mean value (upper limit – lower limit) 
 
 
The detailed information on machinery used was obtained from Smith et al. (2020) and 
fuel use (L ha-1) for each operation presented in Table 3.2 was calculated with assistance of UT 
Extension and Department of Agricultural and Resource Economics within The University of 
Tennessee. To estimate emissions from machinery use, the number of times an operation (i.e. 
planting, fertilizer and pesticide application, and harvesting) were performed each year and fuel 




total energy content in fuel (10,109 kcal per unit) to energy used to mine, refine and transport 
fuel to farmers (8,179 kcal per unit), the values for which were obtained from Cervinka (1980). 
The EF used for heavy-duty diesel vehicles was 2.73 kg CO2 L-1, obtained from Ho (2011), and 
CO2 eq. emissions were calculated using: 
 
CO2 eq. emission (kg CO2 ha-1) = EF (kg CO2 L-1) × Fuel consumption for each operation (L ha-
1) × Number of times operation performed × Fuel production ratio 
 
 
Table 3.2: Machinery and fuel use based on the power unit and size of implement used for 
fertilizer and pesticide applications and planting and harvesting of corn, soybean and cotton. 
 Power unit Implement Size Fuel use 
(L ha-1) 
Corn 
Burndown, weed control SP Boom Sprayer  90’ 1.04 
Plant Tractor, 215 hp Planter 16-row 5.59 
Fertilize Tractor, 215 hp Fertilizer spreader 900# 5.93 
Harvest Combine Corn head 8-row 24.14 
Soybean 
Burndown, Pre or post 
emergence, fungicide 
SP Boom Sprayer  90’ 1.04 
Plant Tractor, 215 hp Planter 16-row 5.59 
Fertilizer Tractor, 215 hp Fertilize spreader 900# 5.93 
Harvest Combine Grain head 30 ft 18.11 
Cotton 
Burndown, spray SP Boom Sprayer  90’ 1.04 
Weed control SP Boom Sprayer Hooded Sprayer  2.07 
Plant Tractor, 215 hp Planter 12-row 7.45 
Fertilizer Tractor, 215 hp Fertilizer spreader 900# 5.93 
Harvest Picker, Module 
Builder (Round) 
 6-row 30.20 








The four components of C-based outputs included crop yield, total aboveground and 
belowground crop residue, and total biomass. The annual crop yield (kg ha-1) for each crop 
sequence was obtained from years 2002 to 2017. Annual total amount of aboveground and 
belowground crop residue were calculated using following equations from 2019 refinement to 
the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: 
( ) ( ) ( )       T T DM TAGR Crop AG   
( ) ( ) ( )   DM T T AG TAG Crop R   
( )  ( )  ( )     T T TBGR AGR RS   
Where, AGR (T) is the annual total amount of above-ground crop residue for crop (kg ha-1); Crop 
(T) is the harvested annual dry matter yield for crop (kg ha-1); AG DM (T) is the above-ground 
residue dry matter (excluding yield) for crop (kg ha-1); R AG (T) is the ratio of above-ground 
residue dry matter to harvested yield for crop which is considered 1.0 for cotton and corn, and 
2.1 for soybean; BGR (T) is the annual total amount of belowground crop residue for crop (kg yr-
1); RS (T) is the ratio of below-ground root biomass to above-ground shoot biomass for crop 
which is considered 0.22 for cotton and corn, and 0.19 for soybean. 
Carbon-dioxide eq. measured from C-based outputs was calculated based on the previous 
literature suggesting that total biomass contains 40% C (Dubey and Lal, 2009; Bowen, 1979; 
Maheshwarappa et al., 2011). The C equivalence estimated from C-based inputs and outputs is 
used to calculate C-footprint per kg yield (kg CO2 eq. per kg yield) and net C gain (Mg C eq ha-1 




C-footprint per kg yield = C eq. emissions from inputsAnnual crop yield  
Net C gain = C eq. emissions from outputs - C eq. emissions from inputs 
 
Direct and Indirect N2O Emissions 
 
  This methodology estimates direct N2O emissions using net N additions to soils in the 
form of inorganic fertilizers, organic manure, and decomposition of aboveground and 
belowground crop residues. The quantity of crop residue N was obtained using the aboveground 
and belowground crop residue biomass multiplied by their respective N concentrations. Direct 
and indirect N2O emissions were measured for each crop sequence for years 2002–2017 using 
the following equations from 2019 refinement to IPCC, 2006 guidelines for National Greenhouse 
Gas Inventories: 
N2O– N Direct = [(FSN + FON + FCR) × EF] 
Where, N2O–N Direct is the annual direct N2O–N emissions from N inputs to soils (kg N2O–N yr-
1); FSN is the annual amount of synthetic fertilizer N applied to soils (kg N yr-1); FON is the annual 
amount of organic N (poultry litter) additions applied to soils (kg N yr-1); FCR is the annual 
amount of N in crop residues (above-ground and below-ground), including N-fixing crops, 
returned to soils (kg N yr-1); EF for direct and indirect emissions is considered 0.01 (kg N2O–N 
kg N input-1) 
The indirect N2O emissions consist of volatilization of N as NH3 and oxides of N (NOx) 
following the application of synthetic and organic N fertilizers and were calculated as: 




Where, N2O–N Indirect is the annual indirect N2O–N emissions from N inputs to soils (kg N2O–N 
yr-1); FRACGASF is the fraction of synthetic fertilizer N (FSN) that volatilizes as NH3 and NOx and 
considered 0.11 (kg N volatilized kg of N applied-1); FRACGASM is the fraction of applied 
organic N fertilizer (FON) that volatilizes as NH3 and NOx and considered 0.21 (kg N volatilized 
kg of N applied-1) 
Conversion of N2O-N emissions to N2O emissions for reporting purposes is performed by 
using the following equation:  
N2O = N2O–N × 44/28 
Statistical Analyses 
 
The experiment was conducted as a strip-plot design with three replications. Whole block 
treatments consisted of the six crop sequences i.e. continuous cotton, cotton-corn, continuous 
corn, corn-soybean, continuous soybean, and soybean-cotton, with split-block treatments 
comprised of the four bio-covers i.e. hairy vetch, wheat, poultry litter, and a fallow control. This 
created 24 crop sequence and bio-cover combinations, which represent major cropping systems 
in the Mid-south of the USA. The effects of crop sequences and bio-cover were determined by 
repeated measure analysis using the PROC GLIMMIX option of SAS 9.4 version (SAS Institute, 
Cary, NC) with year considered as the repeated measure with autoregressive 1 covariance 
structure. The dependent variables included CO2 equivalent emissions due to C-based inputs and 
outputs, per yield C footprint, sustainability index, net C gain, and direct and indirect N2O 
emissions. Least square means were separated using Fisher’s protected Least Significant 




relationship between CO2 eq. emission from production, packaging, storage and distribution of 




The summary of statistical significance P-values is presented in Table 3.3. Crop 
sequences significantly influenced emissions from C-based inputs and outputs, net C gain, and 
direct and indirect N2O emissions. Bio-covers exerted significant influence on emissions from C-
based inputs, C-footprint, and N2O emissions. However, there was no interaction between crop 
sequences and bio-covers on any parameter. The magnitude of variation among different crop 
sequences and bio-covers is dependent on the contribution of different input and output sources 
such as N fertilizer rate, herbicide application, fertilizer application, harvesting, crop yield, and 














Table 3.3: Summary of statistical significance (P-values) of the fixed effects for emissions from C-based inputs and 
outputs, per yield C-footprint, net C gain, and direct and indirect N2O emissions. 
Effect Input 
(Mg CO2 








(kg CO2 eq. 
kg-1 yield) 
Net C gain 









(kg ha-1 yr-1) 
 
Sequence *** *** NS *** *** *** 
Bio-cover *** NS *** NS *** *** 
Sequence × bio-cover NS NS NS NS NS NS 
***Significantly different at p ≤ 0.0001 

























Emissions from C-based Inputs 
 
Continuous corn system resulted in 1.4 to 2.7 times significantly higher emissions from 
C-based inputs than the other crop sequences. Continuous cotton and soybean-cotton resulted in 
0.37 and 0.35 Mg CO2 eq. ha-1 emissions, respectively, which is 58-60% lower than the 
continuous corn system (Fig. 3.1). In contrast, the sequences involving soybean and cotton in 
rotation with corn resulted in 29-32% lower emissions than continuous corn production. The 
primary reason for higher emissions under systems involving corn was the additional sidedress 
application of UAN and machinery use for its application, for example, under continuous corn 







Figure 3.1: CO2 eq. emissions from C-based inputs under different crop 
sequences averaged over the bio-covers and 2002–2017. Error bars with 
different lowercase letters are significantly different at p ≤ 0.05 according to 





Fallow and wheat bio-covers resulted in significantly higher emissions than hairy vetch 
and poultry litter (Fig. 3.2). Emissions under hairy vetch and poultry decreased by 12% and 41%, 
respectively, compared with fallow control. Poultry litter resulted in the lowest emissions from 
C-based inputs out of all the bio-covers i.e. 0.36 Mg CO2 eq. ha-1 yr-1 due to lower energy inputs 
of 0.34 – 0.42 MJ kg-1 associated with poultry litter manure estimating C eq. at 7 – 8 g kg-1 








Figure 3.2: CO2 eq. emissions from C-based inputs under different 
bio-covers averaged the crop sequences and 2002–2017. Error bars 
with different lowercase letters are significantly different at p ≤ 0.05 







Contributions from C-based Inputs 
 
Production, distribution, storage and packaging of N fertilizer and herbicides and 
machinery used during harvesting were the main inputs contributing toward C emissions. The 
results showed that N fertilizer accounted for 68%, and herbicides and harvesting accounted for 
8% each of the total CO2 eq. emissions averaged over all the crop sequences and bio-covers and 
16 years (Fig. 3.3). The contribution of N fertilizer to total emissions was 57 times that of P 
fertilizer, 17 times that of K fertilizer, 8 times that of pesticides and 4 times that of machinery 
used for various on-farm operations. The fuel use (L ha-1) for harvesting was approximately 3 to 
5 times higher than the fuel use for planting and fertilizer applications under corn, soybean, and 
cotton, thus adding towards higher emissions from harvesting. Emissions related to fungicides 
and insecticides were almost negligible i.e. 0.33 and 0.09%, respectively, due to their limited use 









There was a positive relationship between respective C emissions and applied N fertilizer 
with R2-value of 0.86 (p≤0.0001) suggesting that each kg of applied N increased C emissions by 
3.5 kg CO2 eq. ha-1 yr-1 (Fig. 3.4). This is no surprise as inorganic N fertilizers contributed the 
greatest percentage of total emissions ascribed to the crop inputs.  
Figure 3.3: Percent contributions from various C-based inputs 









Emissions from C-based Outputs 
 
Carbon dioxide equivalence from C-based outputs reduced significantly by 28-69% in all 
crop sequences when compared with continuous corn. The lowest CO2 equivalence of 6.5 Mg ha-
1 yr-1 was observed in continuous cotton which can be attributed to its significantly lower 
aboveground and belowground biomass than the other sequences (Table 3.5). Continuous cotton, 
continuous soybean, or their rotation resulted in 6.5 – 9.6 Mg CO2 eq. ha-1 yr-1, which was 
significantly lower than those under the sequences involving corn which had CO2 equivalence 
ranging from 15 to 21 Mg ha-1 yr-1 (Fig. 3.5). 
Figure 3.4: Effect of N fertilizer rate on CO2 eq. emissions from production, 
packaging, storage, distribution, and machinery used for application of N-














Crop Yield, Aboveground and Belowground Biomass 
 
Continuous corn resulted in significantly higher crop yield and aboveground and 
belowground biomass than all other sequences contributing to higher CO2 equivalence output 
(Table 3.4). Second highest crop yield was observed under sequences involving corn such as 
corn-soybean, cotton-corn (5.21 – 5.55 Mg ha-1), which was significantly higher than continuous 
cotton, continuous soybean and soybean-cotton (2.61 – 3 Mg ha-1) sequences. Aboveground and 
belowground biomass reduced by ~ 62% under continuous cotton compared to continuous corn.  
 
Figure 3.5: CO2 eq. emissions from C-based outputs under different crop 
sequences averaged over the bio-covers and 2002–2017. Error bars with 
different lowercase letters are significantly different at p ≤ 0.05 according to 




Table 3.4: Crop yield and aboveground and belowground biomass of different crop sequences 
averaged over the bio-covers and 2002-2017. 
Crop sequence Crop yield Aboveground biomass Belowground biomass 
Mg ha-1 
Continuous corn 7.80 ± 0.14 a† 15.61 ± 0.06 a 3.43 ± 0.28 a 
Continuous cotton 3.00 ± 0.10 c 6.01 ± 0.04 f 1.32 ± 0.19 d 
Continuous soybean 2.61 ± 0.08 c 8.10 ± 0.04 d 1.54 ± 0.23 c 
Corn-soybean 5.21 ± 0.24 b 11.97 ± 0.10 b 2.50 ± 0.43 b 
Cotton-corn 5.55 ± 0.21 b 11.11 ± 0.09 c 2.44 ± 0.43 b 
Soybean-cotton 2.82 ± 0.12 c 7.23 ± 0.06 e 1.46 ± 0.30 cd 
† Values represent mean ± standard error and values followed by different letters within a 
column are significantly different at p ≤ 0.05 according to Fisher’s LSD. 
 
 
Net C Gain 
 
Continuous corn resulted in significantly higher net C gain (5.4 Mg C eq. ha-1 yr-1) than 
all other crop sequences followed by corn-soybean and cotton-corn with net C gain of 3.9 and 
3.7 Mg C eq. ha-1 yr-1, respectively (Fig. 3.6). Continuous cotton system caused C gain of 1.7 Mg 
C eq. ha-1 yr-1 which is significantly lower than all other crop sequences. The crop rotations 
involving corn showed significantly higher net C gains than continuous systems or rotations of 










Per Yield C-footprint 
 
Carbon footprint was significantly lower under poultry litter (1.43 kg CO2 eq. kg-1 yield) 
than fallow, hairy vetch, and wheat. Hairy vetch resulted in 5–8% lower footprint than fallow 
and wheat (Fig. 3.7). Since the overall yields under bio-covers varied only between 4399 and 
4584 kg ha-1, thus, the increase in C-footprint was greatly associated with the emissions from C- 
based inputs under fallow, hairy vetch, and wheat. The C emissions from C-based inputs were 
45%, 42% and 46% lower under poultry litter than wheat, hairy vetch, and fallow, which resulted 
in lower C footprint.  
Figure 3.6: Net C gain of different crop sequences from averaging bio-covers and 
2002–2017. Error bars with different lowercase letters are significantly different at 










Continuous systems and rotations of cotton and soybean significantly lowered CO2 eq. 
emissions from inputs along with outputs, subsequently reducing net C gain compared with the 









Figure 3.7: Carbon footprint of different bio-covers from averaging the 
crop sequences and 2002–2017. Error bars with different lowercase letters 
are significantly different at p ≤ 0.05 according to Fisher’s LSD. Error bar 





Table 3.5: Percent decrease in CO2 eq. emissions in various C-based inputs and outputs, C 
footprint and net C gain for different crop sequences and bio-covers from 2002-2017. 
 Input (%) a, b Output (%) C footprint (%) Net C gain (%) 
  
Continuous corn 100 a 100 a -25* 100 a 
Continuous cotton -58 c -69 d -14* -69 d 
Continuous soybean -64 c -54 c -6* -53 c 
Corn-soybean -32 b -28 b 100* -28 b 
Cotton-corn -29 b -32 b -30* -32 b 
Soybean-cotton -60 c -56 c -11* -56 c 
                            Bio-cover  
Fallow 100 a -2* 100 a -2* 
Hairy vetch -12 b 100* -8 b 100* 
Poultry litter - 41 c -2* -46 c -0.31* 
Wheat -2 a -4* -2 a -4* 
a % Emission decrease in the crop sequence or bio-cover was compared with the highest 
value and different lowercase letters within a column of crop sequence or bio-cover are 
significantly different at p ≤ 0.05 according to Fisher’s LSD. 
b Data were the average of crop sequence or bio-covers grown in field during the period of 
2002 – 2017. 





Direct and Indirect N2O Emissions 
 
Continuous corn resulted in significantly higher direct and indirect N2O emissions than 
all other crop sequences. Direct N2O emissions were significantly reduced by 49-52% under 
continuous cotton and soybean-cotton compared to continuous corn (Table 3.6). Indirect N2O 
emissions were significantly lower by 44-46% under continuous soybean and soybean-cotton 
than continuous corn. Among all bio-covers, hairy vetch caused significantly higher direct N2O 






Table 3.6: Direct and Indirect N2O emissions and related percent increase or decrease 
under different crop sequences and bio-covers averaged from 2002–2017. 
Crop sequence Direct N2O 
emissions 







kg ha-1 yr-1 
Indirect N2O 
emission (%) 
 Crop sequence  
Continuous corn 0.385 a† 100 0.038 a 100 
Continuous cotton 0.195 de -49 0.023 c -39 
Continuous soybean 0.186 d -52 0.020 d -46 
Corn-soybean 0.292 b -24 0.030 b -22 
Cotton-corn 0.291 c -25 0.030 b -20 
Soybean-cotton 0.187 e -52 0.021 d -44 
 Bio-cover  
Fallow 0.201 d -38 0.013 b -82 
Poultry litter 0.208 c -36 0.073 a 100 
Wheat 0.288 b -12 0.012 b -83 
Hairy vetch 0.327 a 100 0.011 c -85 
†Mean values followed by different letters within a column of crop sequence or bio-cover 
are significantly different at p ≤ 0.05 according to Fisher’s LSD. 






Net C gain 
 
Net C gain was significantly higher under continuous corn followed by corn-soybean and 
cotton-corn. It reduced significantly by 53 to 69% under continuous system or rotation of cotton 
or soybean compared with continuous corn. Though the emissions from C-based inputs were 
significantly higher by 0.25 – 0.56 Mg CO2 eq. ha-1 yr-1 under continuous corn than all other 




significantly higher crop yield, aboveground and belowground biomass of 7.80, 15.61, 3.43 Mg 
ha-1 respectively, followed by corn-soybean and cotton-corn. Net C gain shows that systems 
including corn monoculture or in rotation with soybean or cotton can perform better than 
soybean and cotton monoculture or rotation.  
Changes in the C-based inputs related to use of fertilizer, herbicide, insecticide, 
fungicide, machinery use, and harvesting under different crop sequences can significantly 
influence the associated CO2 equivalent emissions and thus net C gain. Using the IPCC 
methodology (IPCC, 2019), we estimated that synthetic N fertilizer contributed the greatest 
percentage of the CO2 eq., averaging 68% of the total emissions. Similar results were observed 
under wheat-flax-lentil and pulse-oilseed-winter wheat rotation systems showing 53% and 65% 
of C emissions from synthetic N fertilizer (Gan et al., 2014). The average emissions from 
herbicide, insecticide, and fungicide were 88, 4, and 1 kg CO2 eq. ha-1, respectively, and the 
application of these pesticides resulted in 21 kg CO2 eq ha-1. Comparing the percent contribution 
to total emissions from various C-based inputs under the six cropping sequences, higher 
percentages were observed under continuous corn related to N-fertilizer use (29.7%) and 
application (20.3%); continuous cotton for herbicide (17.7%), insecticide (45.3%) and their 
application (33.2%), planting (20%) and harvesting (20.5%); continuous soybean for fungicide 
(50%) (Table 3.7). Overall, the emissions from C-based inputs were ~29% lower when corn was 
rotated with either soybean or cotton relative to continuous corn. 
Previous studies reported that reducing farm operations through reducing tillage, 
planting, and N fertilizer applications significantly reduced net GHG emissions (West and 




al. (2007), where the CO2 eq. emissions of chemical inputs were mainly due to fertilizer 
application, followed by herbicide, and insecticide application in bioenergy crop systems of 
switchgrass, reed canary grass, corn-soybean-alfalfa, and poplar and in the Gan et al. (2014) 
study in semiarid wheat production systems. Thus, the number of applications of fertilizers and 
pesticides during a crop growing season is equally important as their amount used for crop 
production. Strategies to reduce the amount of fertilizers and pesticides, improve their use 
efficacies, or both can help in increasing the net C gain. In the Alder et al. (2007) study, corn and 
soybean reportedly resulted in 104.76 and 43.51 kg C ha-1 from operations of farming 
machinery: Plowing, disking, seedbed preparation, planting, fertilizer application, pesticide 
application, harvesting, etc. Adviento-Borbe et al. (2007) observed that conventionally tilled 
continuous corn systems had higher C cost associated with crop production, higher N2O 
emissions, however, lower net global warming potential than that of the conventionally tilled 
corn-soybean rotational systems because greater sequestration of atmospheric CO2 in SOC (-44 g 
C m-2 yr-1 to -62 C m-2 yr-1). 
Continuous corn may also produce high crop residue, yields, and increases in soil organic 
matter under proper management (Dobermann et al., 2007). Monoculture corn has been observed 
to have higher SOC than corn–soybean rotation (Havlin et al. 1990; Studdert and Echeverria 
2000; West and Post, 2002), since soybean provides less residue input to the soil than corn. 
Greater net C gain related to corn and the slower decomposition of corn residues can result in 
quicker SOC accumulation in continuous corn than with continuous soybean (Huggins et al., 
2007), corn-soybean rotation (Kou et al., 2012), or continuous cotton (Wright et al., 2005). 




practices, such as proper crop sequence, cover crops, can increase crop productivity without 
increasing C equivalent inputs (Miller et al., 2003; Kirkegaard et al., 2008; Gan et al., 2011). 
Inclusion of a N-fixing crop in rotation can significantly decrease the C equivalent emissions due 
to reduced use of synthetic N fertilizer (Walley et al., 2007), such as observed under corn-





















Table 3.7: Percentage of CO2 equivalent emissions from various C-based inputs under different crop sequences averaged over 
the bio-covers and 2002-2017. 
Crop sequence 
N 
fertilizer a  












































































































a Includes emissions from manufacture, transportation, storage, and distribution to farm 











Per yield C-footprint 
 
Poultry litter resulted in the lowest C footprint of 1.43 kg CO2 eq. per kg yield averaged 
over the cropping sequences. Carbon footprint per kg yield was significantly reduced by 46% for 
poultry litter and 8% for hairy vetch compared with fallow control. This is associated with the 
lower input emissions observed under poultry litter and hairy vetch, which decreased by 41% 
and 12%, respectively, compared with fallow control. Wheat as a cover crop caused 0.06 to 0.23 
Mg CO2 eq. ha-1 higher emissions from inputs than hairy vetch and poultry litter. Poultry litter 
showed 33 – 41% significantly lower emission from inputs than the other bio-covers due to 
lower energy inputs associated with animal manure with C equivalent of 7 – 8 g kg-1 manure 
(Lal, 2004). Previous studies found that farming without or less use of N fertilizer, consumed 
less energy and generated lower GHG emissions (Haas et al., 2007; Pelletier and Tyedmers, 
2008). Reduction in synthetic N application rate through use of legumes in the crop sequences o 
more efficient N-use strategies or crops can help alleviate C eq. emissions from N-fertilizer, thus 
reducing the overall C-footprint (Alder et al., 2007; Gan et al., 2014; Lal et al., 2004). In the 
Brock et al. (2012) study, wheat C footprint reduced from 0.20 to 0.15 kg CO2 eq. per kg of grain 
when the production levels increased from 3.2 to 4.5 Mg ha-1 resulting in 25% reduction in C 
emissions at the increased yield level. 
Nitrous-oxide emissions 
Direct and indirect N2O emissions were significantly higher under continuous corn 
primarily due to the greater N fertilizer inputs and ammonia volatilization. Higher direct and 
indirect N2O emissions were observed in Alder et al. (2007) study under corn-soybean due to N 




Contrarily, Mosier et al. (2006) suggested that in no-till continuous corn, global warming 
potential decreased as the N rate increased from 0 to 134 to 224 kg ha-1 and that with N 
fertilization this system was a net global warming potential sink over a 3-year period. Hairy 
vetch resulted in direct N2O emission of 0.327 kg ha-1 yr-1 which was significantly higher than 
the other bio-covers. However, indirect N2O emissions were higher from poultry litter since the 
fraction of organic N fertilizer that volatilizes as NH3 and NOx is designated as 0.21 for poultry 
litter but only 0.11 for synthetic N fertilizers according to the IPCC 2019 guidelines. Reducing 
synthetic N fertilizer use is critical to decreasing GHG emissions from cropping systems whether 




This study focused on estimating the CO2 equivalence of C-based inputs i.e. fertilizers, 
herbicides, fungicides, insecticides, machinery used for planting, fertilizer and pesticide 
applications, and harvesting and C-based outputs including crop yield and aboveground and 
belowground biomass to determine the net C gain, C-footprint per kg yield, and N2O emissions 
under the long-term major cropping systems in no-tillage involving corn, soybean and/or cotton 
and different bio-covers in the Mid-south USA. Although among all crop sequences, continuous 
corn resulted in significantly higher emissions of 0.25 – 0.56 Mg CO2 eq. ha-1 yr-1 from C-based 
inputs, it also showed significantly higher crop yield and aboveground and belowground biomass 
than all other crop sequences. Consequently, it resulted in 1.5 – 3.7 Mg C eq. ha-1 yr-1 higher net 
C gain than all other crop sequences. Net C gain implies that cropping systems including high 




better than low residue crops such as soybean or cotton monoculture or their rotation. C footprint 
per yield was significantly reduced for poultry litter and hairy vetch compared with the fallow 
control and wheat. Overall, poultry litter showed 46% decrease in C-footprint than fallow control 
due to lower energy inputs associated with animal manure. Direct and indirect N2O emissions 
were significantly higher under poultry litter and hairy vetch then the fallow and wheat. Nitrous 
oxide emissions were reduced significantly by 20-25% when continuous corn system was rotated 
with soybean or cotton. 
It is important to consider that the fertilizer or pesticide amount and number of times of 
application are critical since it can add to machinery use and increase the overall C footprint. It is 
an important strategy to enhance the cropping system C pool by increasing C-based outputs and 
improve use efficiency of C-based inputs, thus reducing C footprint and improving the net C 
gain. In order to increase per hectare net C gain and reduce per yield C-footprint simultaneously, 
integrating the crop sequences of continuous corn or corn in rotation with soybean or cotton with 
bio-covers poultry litter and hairy vetch can perform better than the monocultures of soybean or 
cotton or their rotation integrated with bio-cover of wheat and fallow control in the Mid-south 
USA. Utilization of improved farming practices, such as fertilizing crops based on soil tests 
results, utilizing organic manure, and/or rotating high residue crop with leguminous crop 
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The SOC and N stock in 0-15 cm of bulk soil was significantly higher under poultry litter 
than hairy vetch, wheat and fallow averaged over the crop sequences, possibly due to greater N 
and P contribution from poultry litter; however, this trend among bio-covers was not observed in 
the 15-30 cm depth. Poultry litter has also proved to alter microbial community structure and 
associated microbial biomass C which helps in stimulating C transformation (Ashworth et al., 
2017; DeForest and Scott, 2010). Only under continuous corn and corn-soybean significantly 
higher SOC content was observed in both small and large macroaggregates at 0-5 cm. Similarly, 
only poultry litter had significantly higher soil N in small and large macroaggregates at 0-5 cm. 
Corn monoculture or in rotation with cotton or soybean proved better than all other crop 
sequences in increasing both small and large macroaggregate weight. Although the concentration 
of SOC and N was significantly higher in microaggregates regardless of crop sequence, bio-
cover or soil depth, gram per kg of soil C and N contents were significantly higher in small 
macroaggregates followed by large macroaggregates. Poultry litter performed better than the 
other bio-covers in increasing soil N content in both small and large macroaggregates in 0-5 cm. 
The association of increased SOC concentration in microaggregates suggests that 
minimum soil disturbance under no-tillage is favorable for the storage of C in more protected 
and stable C pools in soil microaggregates. Lower aggregate stability in the fallow control than 
hairy vetch and poultry litter could result in potential higher losses of soil C and N to the 
atmosphere and thus shorter C residence time in the soil. In conclusion, annual application of 
poultry litter supplying 67 kg ha-1 equivalent N at approximately 4.4 t ha-1 increases soil C and N 




from a long-term perspective. Inclusion of corn in monoculture or rotated with soybean in a crop 
sequence increases soil C sequestration in small and large macroaggregates in 0-5 cm relative to 
cotton-corn, continuous soybean, continuous cotton, and soybean-cotton rotation.  
Annual application of 88 kg P ha-1 resulted in high soil test P and accumulated higher SOC 
and N stocks in the 0–15 cm soil layer than 0, 29, and 59 kg P ha-1 on low P soil under long-term no-
till corn-winter wheat-soybean rotations at Springfield. However, application of P at 117 kg ha-1 
decreased SOC possibly due to rapid microbial respiration under increased P availability, indicating 
that over-application of P is not supportive of C sequestration in soil. Soil organic C or N did not 
respond to P fertilization on the medium soil P at Milan. The absence of a positive regression 
between SOC and N with crop residue biomass can be due to favored residue decomposition over 
accumulation which can result in rapid decomposition of SOC  under warm and humid climatic 
conditions of the Mid-south, consequently minimizing the overall SOC improvement for single layer 
soil sample collected from 0–15 cm. Concentrations of SOC and N were higher in microaggregates 
(0.053–0.25 mm) than the other aggregates. Aggregate associated SOC results suggest that soil depth 
related variation in SOC and N is highly dependent on aggregate size distribution rather than P 
application. Hence, it is important to focus on those best management practices such as cover crops, 
crop rotations, no-tillage, etc. which can directly improve macro- and microaggregate formation in 
soil. Although macroaggregate weight was greater than those of the other aggregates, concentrations 
of C and N was higher in microaggregates which demonstrates that C and N are more stabilized and 
protected against mineralization in smaller aggregates. The simultaneous increases in soil organic C 




Though continuous corn resulted in significantly higher emissions from C-based inputs, it 
also produced significantly higher crop yield and aboveground and belowground biomass which 
led to significantly higher net C gain of 1.5–3.7 Mg C eq. ha-1 yr-1 for continuous corn than all 
other crop sequences. Thus, crop sequences with high residue and high C:N ratio can outperform 
in increasing net C gain than the low residue crops with low C:N ratio. Poultry litter and hairy 
vetch significantly reduced the per yield C-footprint compared with fallow control and wheat. 
Poultry litter and hairy vetch resulted in significantly higher direct and indirect N2O emissions 
respectively than the other bio-covers. Inclusion of soybean and cotton with corn in crop 
sequence significantly decreased direct N2O emissions by 24% and 25% and indirect N2O 
emissions by 22 and 20%, respectively. Results suggest that in order to increase per hectare net C 
gain and per yield C-footprint simultaneously, integrating corn monoculture or corn in rotation 
with soybean or cotton along with bio-covers poultry litter and hairy vetch outperforms the 
monocultures of soybean, cotton or soybean-cotton rotation integrated with bio-covers of wheat 
and the fallow control. Poultry litter significantly contributed to lowering the C equivalence from 
C-based inputs and reducing the overall C footprint than hairy vetch, wheat, and the fallow 
control in the Mid-south USA. Utilization of improved farming practices, such as fertilizing 
crops based on soil test results, utilizing organic manure, and/or inclusion of high residue crop in 
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